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FOREWORD

This computer program represents the results of work performed by
Lockheed Missiles & Space Company, Huntsville Research & Engineering
Center under the sponsorship of several government agencies. Documentation
was sponsored by the Jet Propulsion Laboratory, California Institute of

Technology. This report satisfies the requirements of

ITEM 1 - Nozzle Flow Field Analysis, and
ITEM 2 - Rocket Exhaust Plume Flow Field Analysis

outlined in the statement of work of Contract JPL-951567.
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Section 1
INTRODUCTION

A precise knowledge of local flow properties in nozzles and exhaust
plumes is necessary for performance, radiation, attenuation, heat transfer
and impingement analyses. All of these analyses are dependent on an accu-

rate knowledge of the environment.

Lockheed Missiles & Space Company, Huntsville Research & Engineering
Center has developed, under the sponsorship of several governmental agencies,
a two-dimensional or axisymmetric method-of-characteristics program. The
program is applicable for problems involving supersonic flow of an inviscid,

adiabatic reacting gas in thermal equilibrium.

Areas of particular interest in the current JPL study are the critical
design problems which result from the effects of rocket exhaust impingement
on objects in the plume. Impingement has a dominant effect on the thermo-
dynamic environment of objects in the plume and in addition, may cause
severe structural loads or trajectory perturbations. As a preliminary step
in the plume analysis, an accurate knowledge of the nozzle flow field is
required. Both nozzle and plume calculations are performed with the same
program. This program is a versatile, user-oriented, analytical tool which
is capable of producing all of the gas dynamic nozzle or plume data required

for an impingement analysis. The user may choose a solution for a

1. nozzle only,
2. plume only,

3. combination nozzle and plume,

depending on the options and starting data selected. This program has been
in use for several years and experience has led to a continual refinement of

the calculational procedure.
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This document was prepared to facilitate operation and understanding
of the program. Descriptions of the individual routines are presented,
which are intended to augment the program listing rather than to duplicate it.
Answers to any questions pertaining to the operation of the program should
be found in this document or in the program listing. Questions involving
initial assumptions made in applying the general theory can be answered by
referring to Reference 1. Comparisons with experimental data for real and

ideal gas plumes are reported in Reference 2.

REFERENCES

1. Prozan, R. J., "Development of a Method of Characteristics Solution for
Supersonic Flow of an Ideal Frozen, or Equilibrium Reacting Gas Mixture,"
Technical Report, Lockheed Missiles & Space Company, Huntsville Research
& Engineering Center, LMSC/HREC A782535, April 1966.

2. Ratliff, A, W,, "Comparisons of Experimental Supersonic Flow Fields with
Results Obtained by Using a Method of Characteristics Solution,'" Technical
Report, Lockheed Missiles & Space Company, Huntsville Research & Engineering
Center, LMSC/HREC A782592, April 1966,
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Section 2

PROGRAM CAPABILITIES AND APPLICATIONS
2.1 CAPABILITIES

The nozzle and plume computer program described in this document
can be used to solve a wide variety of problems in real gas, supersonic,
compressible flow, Capabilities were previously discussed in Reference 1%;
however, as improvements continue to be made to the basic program, new
capabilities evolve, Some of the more important, basic capabilities of the

existing program are outlined below:

e The gas may be ideal, or if real, frozen or equilibrium
assumptions can be made,

e Two-dimensional or axisymmetric problem geometry can
be used.

o Both upper and lower boundaries can be solid or free,
(A solid boundary can be approximated by either a conic or
polynomial equation.)

e One compression corner on the upper wall can be calculated.
(Any number may be considered if the problem is re-started
each time,)

¢ Any number of expansion corners can be considered on either
the upper or lower wall,

e Various methods for obtaining an initial start line are utilized,

1, The program will calculate a one-dimensional start line
anywhere in the nozzle,

2. " The program will calculate a start line at points within the
nozzle necessary to conserve mass,

3. Characteristic data can be input at points across the flow
field within the nozzle or in the plume,

4, Any right running characteristic line can be used for a
start line,

5. Any left running characteristic line can be used (may be
in combination with a normal start line),

*Reference 1: Prozan, R. J., "Development of a Method of Characteristics
Solution for Supersonic Flow of an Ideal Frozen, or Equilibrium
Reacting Gas Mixture," Technical Report, LMSC/HREC A782535,
April 1966,
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6. Any left running line may be input with a right running shock
crossing it.,

e SC-4020 plot capability of various parameters is available,
e Hypersonic or quiescent approach flow options may be used,
e Exit to ambient pressure ratios from over expanded to highly

under expanded are possible,

e Viscous boundary layer approximations at the nozzle lip are
available,

o Displacement of the axis of symmetry from the center of flow
(i.e., the annular ring type of flow field) is possible,

Reacting gas solutions have been facilitated by modifying the NASA/
Lewis Thermochemical program to provide binary tape output of its equilibrium
or frozen real gas calculations, The method-of-characteristics program has
the capability for selecting the proper case from a large set of real gas pro-
perties cases stored on a master tape, LMSC/HREC's master tape presently
consists of approximately 70 cases and is continually being expanded. The
method of generating this master tape is outlined in the diagram on the following
page. Cases stored are uniquely identified by some characteristic of the par-
ticular gas under consideration, For example, a LOX/LH2 system may be

identified by the following:

Gas Type  Mixture Ratio Chamber Pressure

d2/H2 ¢/F = 4.5 PC = 546.0

New cases of general interest may be added to the master tape; however,
ad hoc cases should be prepared on a separate tape, Tape preparation
sequence and communication with the method-of-characteristics program

is diagramed on the following page.
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NASA/Lewis > Printed Output for
User Inspection

Binary Tape Containing Raw
Gas Properties Data

Gas Name - Merge Old Master Tape
Program
Data . Method of —
Including 1 Characteristics New Master Tape
Gas Name Program

Two-dimensional or axisymmetric solutions are selected by simply
loading a control word in the program input data, This integer (0 or 1) is
then multiplied by the term containing (l/r) in the governing differential
equation. By appropriate description of the flow boundaries, it is possible
to change from a solid to free boundary on either the upper or lower walls.
Conversely, it is not possible to change from a free to a solid boundary on

either wall,

Compression corners are allowed only on the upper wall. Because the
program is restricted to a single shock within the flow field, the number of
compression corners is limited to one. Also, right-running shocks only
can be handled, thus, no provision exists for compression corners on the
lower wall, Remembering that a mirror image solution is possible, the

problem can be inverted for this type of solution. Note that the program will
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fortuitously handle two shocks if the first shock terminates by intersecting a

lower free boundary before the second shock begins,

Choosing the proper start line option permits the problem to be restarted
when termination is achieved by a shock intercepting the boundary. When the
shock reflection is ''regular," the procedures are standard, However, when
a restart is required downstream of a ""Mach reflection," a boundary equation

simulating a cylindrical ''pipe" must be used to approximate the subsonic region.,

2.2 APPLICATIONS

The most common applications of this program are in the areas of
standard rocket nozzles and axisymmetric plumes, Many other complex
flow fields can be treated, however, if the user is familiar with the flexibility
of the program and its options, Other possible problems are discussed in the
remaining paragraphs of this section since an understanding of the application

of the program to these standard cases is assumed,

Consider the boundary conditions given below, This problem was run
two dimensionally (although it could just as well have been axisymmetric) for

the purpose of program demonstration,

P,

The problem above, while being restricted to one compression corner,

could have had more expansion corners illustrating a more complex case.
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Another problem depicting the program's versatility is the following:

External Flow

1 Upper Free Boundary

y

/ 7 ‘\ZLower Free Boundary
A |

Internal
Flow

External
Flow
I\/Ioo2

The restriction that the flow remain supersonic (inherent in the method-

of-characteristics solution) must be observed through the flow field.’

External flow can be simulated by specifying the necessary stagnation

conditions and inserting a two-dimensional or axisymmetric object in the
flow field.

e S Q Two-Dimensional or Axisymmetric
/ SO External Flow
/' R = Object
/ N _— Shock (2D or Axi-
[ = — symmetric)
L op = —_— M1
\ T = - (external to
\ o~ - Object)
\
N\ //ﬁ
\.\ P

The method of reflecting a shock "regularly” or through a '"Mach

reflection" is outlined in the diagram on the following page.
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Section 3

DISCUSSION

The program consists of fifty-two active subroutines or functions
which perform all the required calculations in the nozzle and plume, This
building-block approach simplifies trouble-shooting and operation, Each of
the fifty-two routines is explained separately and presented with its support-
ing flow chart, In addition, a general flow chart of the basic logic is pre-
sented in Figure 3.1, An index of all subroutines and functions precedes the
individual writeups for a ready reference to their location and a quick sketch

of their purpose.

Routines which use equations and logic described adequately in Reference
1 are reviewed generally in "Method of Solution" sections. Those routines which

have not been dealt with in Reference 1 are presented in more detail.

Input procedure and output interpretation is covered in the Input/Output
Section. The input instructions are simple and self explanatory. Some of the
input instructions imply the use of inactive or "dummy' routines (i.e., the
SC 4020 plot routines); these are retained for future use. The output inter-
pretation instructions are in the form of flagged comments which refer to a

corresponding section on a typical page of output,
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—
PREPARATION FOR SOLUTION
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READ DATA
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OUTPUT/INPUT
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RUN COUNTERS

SOLVE FOR
CHARACTERISTIC
POINT

¥

CHECK FOR | LES _| EVALUATE
SHOCK SHOCK

NO |cHECK FOR
BOUNDARY

!

SOLVE SOLVE

LOWER BOUND
BOUND

1 DO END OF
YES LINE FUNCTIONS

INPUT NO @
POINTS | STOP

USED CALCULATION

UpP é

TERMINATE
SOLUTION

Figure 3.1 - General Flow Chart
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3.1 SYMBOLS AND NOTATIONS

SYMBOL

M

ne®a
® s

s P3mus
n

Yi
=
*

©On

m

e O wWE @

Subscripts

DESCRIPTION

Mach number
""gas constant!
radial coordinate
axial coordinate

normal coordinate

. pressure

temperature
entropy

velocity

enthalpy

mass flow

area ratio
isentropic exponent
turning angle through shock
shock angle

flow angle

Mach angle
characteristic angle
density

equation modifier
operation function

point description information

freestream conditions
stagnation conditions

boundary conditions
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. 3,2

INDEX OF ROUTINES

SUBROUTINE/FUNCTION IDENTIFICATION PAGE
AOASTR Mach number from area ratio 3-6
BOUND solves boundary equations 3-8
DELTAF turning angle through shock 3-10
DRIVER provides control 3-11
EMOTFP Mach number from pressure 3-13
EMOFV Mach number from velocity 3-1
ENTHAL enthalpy from velocity 3-15
ENTROP entropy rise through shock 3-16
ERRORS prints error messages 3-17
ESHOCXK equilibrium shock calculations 3-20
FNEWTN Newtonian impact pressure 3-23
GASRD reads gas properties 3-24
GASTAP gas properties from tape 3-27
HYPER solves boundary pressure 3-30
IDTAPE writes gas properties 3-33
INITP initialization 3-35
INRSCT finds straight line intersection 3-36
ITERM tests for cutoff 3-37
ITSUB iteration subroutine 3-39
KIKOFF control return 3-42
LIMITS tests boundary limits 3-43
LIPIN calculates start line 3-45
MASCON conserves mass 3-47
MASSCK checks mass flow 3-49
MGCCSOL solves characteristic mesh 3-52
MONO checks monotonic solution 3-59
ourT writes data 3-61
CUTBIN writes data on tape 3-64
CVEREX shock angle {overexpanded) 3-65
PAGE page ejects and comments 3-67



SUBROUTINE/FUNCTION

PHASEL
PLUMIN
PLMOUT
POFEM
PRANDT
RGMOFP

RGVOFM

RHOFEM

ROTERM
SHOCK
TABLE
THETPM

THRUST
TOFEM
TOFV
TURN

UOFEM
UOFV
VISCUS
VOFEM
WEAK
WOFA

LMSC/HREC A783573

IDENTIFICATION

provides logic

reads input data

writes input data

pressure from Mach number
computes Prandtl-Meyer angle

Mach number from pressure
and entropy

velocity from Mach number
and entropy

density from Mach number
and entropy

computes rotational term
shock neighborhood solution
utilizes gas tables

calculates properties through
expansion

computes thrust
temperature from Mach number
temperature from velocity

solves shock knowing turning
angle

Mach angle from Mach number
Mach angle from velocity
boundary layer at exit

velocity from Mach number
solves weak shock

weight flow per unit area

PAGE

3-68
3-84
3-89
3-93
3-94
3-96

3-98
3-100

3-101
3-102
3-112
3-116

3-119
3-122
3-123
3-124

3-126
3-127
3-128
3-131
3-132
3-134
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3.3 DESCRIPTION AND FLOW CHARTS OF INDIVIDUAL SUBROUTINES

FUNCTION NAME: AOASTR

DESCRIPTION

This function finds the Mach number corresponding to a given area ratio

by one-dimensional theory, Real gas effects are considered in this calculation,

CALLING SEQUENCE

EM = AOASTR (S, AOA)

where (EM) is the Mach number which exists, one dimensionally, at an area

ratio of (AOA) and an entropy (S).

UTILITY ROUTINES AND COMMON REFERENCES

COMMON-None
ITSUB
RGVOFrM
TABLE

WOFA

METHOD OF SOLUTION

The weight flow per unit area at Mach one is evaluated. An initial
guess for the desired Mach number is made and ITSUB is initialized. An
iterative solution of the equation FOFEM = AOA - WOFAl/WOFA (EM) ,
driving FOFEM to zero, is performed with the aid of ITSUB.
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FUNCTIONAOCASTR(S,A0M)

WOF A1=WOFA (1.) 10|

( r ﬁnmsru 10 SUBROUTINE EMz3 '
H ! ¢ = = M(S,EM)
| sTARY }——x{ vz:aovoﬂus.tﬂ—k TABLE SAVE (1)=1. V2=RGVOFM(

S.1 SAVE (2)=-1,

TRANSFER TO SUBROUTINE TRANSFER TO SUBROUTINE |
TABLE t FOFEM=AOA -WOF AL /WOF A (EM) ITsus I1B=SAVE (1)
$,ve FOFEM,EM, SAVE, .001,999

COMPUTED O TO 40

IF THE VALUE  TRANSFER
oF 18 10 l 30

1s STATEMENT TRANSFER TO SUBROUTINE

10

10 11
10
20
30

20 | .
10 N
’ AOASTR=EM l—-—a{ GO TO 40 l ERRORS

zZOdC~aMm>D

O AW~

BLOCK DATA

DATA((BTOM(],$),J=1,2),121,20)/1HH,1.008,2HHE,4.003 ,2HL1,6.94,2HBE,9.013,1HB,1

0.82,1HC,12.011,1HN,14,.008,110,16.0,1HF,19.0,2HNE ,20.183,2HNA,22.991 ,2HNMG,24.3

2,2HAL,26.98,2HS1,28.09,1HP,30.975,1H5,32.066,2HCL,35.457,2HAR,39.944,1HK,39.1
) 12HCA ,40,08/

START
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SUBROUTINE NAME: BOUND

DESCRIPTION

This subroutine finds the radial coordinate and flow angle (radians)

for a given axial coordinate on an upper or lower solid boundary,

CALLING SEQUENCE

CALL BOUND (R, X, THETA, ITYPE)

where (R) is the radial coordinate, (X) is the known axial coordinate, THETA
is the wall angle and ITYPE indicates whether upper or lower boundary

equations are to be used,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/WALLFO/
UTILITY - None

METHOD OF SOLUTION

The block common region WALLFO contains the information necessary

to evaluate R, THETA, Two types of equations are used;

H
]

a[\fb Foox + daxs + e] CONIC TYPE 1
and
r = ax® 4 bx> + cx’ + dx + ¢ POLYNOMIAL TYPE 2

The input fixed point variable ITYPE has a one or a two in the units position
which selects the upper (2) or lower (1) coefficients and control information.

IEQNOW contains the number of the equation to be used,

3-8



SUBROUTINEBOUND (R, X, THETA , I TYPE)

v COMPUTED GO TO
; STARY IFO;HEJVALUE TRA:ZFER
: K3LTYPE-(ITYPE/10) 10
i
13 1EQNOW (K) lf su:gnzm
JS1WA
2IWALL (1,K) 2 s
3 40

]

LMSC/HREC A783573

RZWALLCO (1,1 ,K) 3 (SGRT (ABS (WALLCO(1,2,K) + (WALLCO(I,3,K) ¢WALLCO(I,4,K) %X} #X) ) +WA
LLCO(I,5,K))
THETAZ . S#WALLCO(I ,1,K) & (WALLCO (1,3 ,K) +2.#WALLCO(],4,K) %X) / (SART (ABS (WALLCO(I,2
2K)# (WALLCO (I ,3,K) +WALLCO(] ,4,K) %X) %X} ))

| 20 l

R3 (C(WALLCO(I,1,K) aX+WALLCO(],2,K) ) #X+WALLCO(I,3,K) ) kX+WALLCO(I,4,K)) *X+WALLCO
(I,5,K)
THETAZ ((4,5WALLCO(I,1,K) #X+3 . #WALLCO(],2,K) ) &X+2 . #WALLCO(I,3,K)) %X+WALLCO(I,4,
K)

]

y——-% THETA=ATAN(THETA)
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FUNCTION NAME: DELTAF

DESCRIPTION

This function computes the turning angle through an oblique shock wave

knowing the shock angle and the upstream Mach number,

CALLING SEQUENCE

DELTA = DELTAF (EPS, EM)

where (DELTA) the turning angle is found from the shock angle (EPS) and
the upstream Mach number (EM), NOTE: The appropriate values of the
ratio of specific heats must be in common corresponding to the input Mach

number and the upstream entropy value,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/
UTILITY - None

METHOD OF SOLUTION

The oblique shock relations are solved for the turning angle using the

6= € - tannlgtane( 21 5= + yé 1><),3_ 1)%
M sin € '

FUNCTION CELTAF (EPS,EN)

relations;

) CM1023 (CAMMA=L ) 4.5 TEPS=SEPS/CEPS

| STARY CP102= (CAMMA+L.)#.5 SEPS=ABS (SEPS)
| I

SEPS=SIN(EPS) CELTAFZEPS=-ATAN(TEPS# (1.7 (EM&SEPS) 2. +GM102) ¥ (1./6P102))
CEPS=COS (EPS)

ZdPMCam>D
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SUBROUTINE NAME: DRIVER

DESCRIPTION

Driver provides the highest order control for program execution,
Initialization and logic subroutines are called from here, Most all the

common storage needed in the remainder of the program is specified here,

CALLING SEQUENCE

CALL DRIVER (K)

where (K) is a control constant indicating whether or not errors exist in the

execution of the program, (K =1 for a detected error, K = 0 for no errors.)

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTROL/ COMMON/JUGCOM/
COMMON/CRITER/ COMMON/PLOTEM/
COMMON/CURVES/ COMMON/STEPC/
COMMON/CUTFO/ COMMON/TAPEFO/
COMMON/DATAR/ INITP
COMMON/FORCE/ PLUMIN
COMMON/GASCON/ PHASE1L
COMMON/HEAD/ SORTEM
COMMON/INPUT/ POSITS

JUGGLE

METHOD OF SOLUTION

Not applicable for this subroutine,

3-11
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SUBROUTINE CRIVER (K)

¢ 10
13
G o)
| $TARY }__1 x.€0.1 Ly 1zé:g=u ______GMNSFER 10 suaaourmz] {mmsrca TO SUBROUTINE TR‘"S"'ERPKS;:’BRW”“‘
: ‘ KPLOT=0 IniTe PLUNIN IFINIS ‘J'

T A

s ] S
[1s ] )
[ AITE (3) 1 ZERO. 1 ZERD, 1 ZERO, 1 2ERO Hcome).c.r.u}.m.{‘nmsregsggézsgourme

Ass NO
TRANSFER TO SUBROUTINE
_{xcouuo).sa.o}_m_,{ I=1s1 1.EQ.1 Coe11s TRANSFERJ:’EGEgBROUTINE o 1o 10
1CON (10)

ZOC+M>D®
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FUNCTION NAME: EMOFP

DESCRIPTION

This routine computes the local Mach number as a function of local

pPréessure (static) and the local entropy value,

CALLING SEQUENCE

EM = EMOFP (P, S)

where (EM) is the resultant Mach number found from the pressure (P) and
entropy (S)., NOTE: The appropriate values of the gas properties must

be stored in common upon entry to this routine,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/
UTILITY - None

METHOD OF SOLUTION

Perfect gas relationships (thermally perfect) are used to find the

Mach number, .

r-1

FUNCTION ENOFP (P,S)

RATCAMSGAMMAZ (CAMMA~1.,)
CHI02= (CAMMA=1 ) %.5
PSTAR=PO/EXP (S/R)
EMOFPZSQRT (L (PSTAR/P) #x (1. /RATCAN) =1,) /GM102)

STARY

ZOMC~-~Mmx
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FUNCTION NAME: EMOFYV

DESCRIPTION

This routine finds Mach number as a function of velocity.

CALLING SEQUENCE

EM = EMOFYV (V)

where (EM) is the local Mach number which is found as a function of (V) the
local velocity, NOTE: The appropriate values of the gas properties must

be stored in common upon entry to this routine,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/
TOFV

. METHOD OF SOLUTION

Thermally perfect gas relationships are used to find the Mach number,

SRRICRRley

FUNCTION EMOFV(V)

- R

g !
i i " - T T T
1 STARY r—_—_"l EMOFVISART ((TO/TOFV (VY =11 %2, /7 (CAMMA=L.)) [ v
t } . e e e |

| R

B

3-14



LMSC/HREC A783573

FUNCTION NAME: ENTHAL

DESCRIPTION

This routine finds the local enthalpy as a function of velocity,

CALLING SEQUENCE

H = ENTHAL (V)

where (H) is the local enthalpy which is found as a function of the local
velocity (V). NOTE: The appropriate values of the gas properties must

be stored in common upon entry to this routine,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/
TOFV

METHOD OF SOLUTION

Thermally perfect gas relationships are used to find the local enthalpy.

_ _RY
h = 5= T

FUNCTION ENTRAL (V)

STaRT » ENTRALZRS (CAMMA/ (CAMMA=L DY &TOFVVY | - -
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FUNCTION NAME: ENTROP

DESCRIPTION

This routine utilizes the oblique shock relations to find the entropy

rise across a shock as a function of the shock angle and the upstream Mach

number,

CALLING SEQUENCE

DS = ENTROP (EPS, EM)

where (DS) is the entropy rise across the shock and is a function of the
shock angle (EPS) and the upstream Mach number (EM), NOTE: The

appropriate values of the gas properties must be stored in common upon

entry to this routine,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/
UTILITY - None

METHOD OF SOLUTION

The oblique shock relations are employed to find the entropy rise

across the shock,

ry-1 Y + 1 tane€

4s = R {ﬂn{(erZSinze - (Y- 1))] . ,yzn[tangé - 62]}

FUNCTION ENTROP (EFS,EMU) ALE
- . JE— . . . - R
OMIT2ILLAMMASY ) k.S CVIR/ (GAMMA=1.) E
$Tak1 , PP (CaNuaey s EMERSA= (EMUXSEFS) #%2. R
SEPSISIN(ERS) : ’ FACTIZ ((1./EMEFSQ#GMIO2) /GF102) xxGAMMA ", U
SEFSTABS(SERS) ’ ENTROPC VA (ALOG ( ((GAMMASEMEFSQ-GM102) /GPIO2) FACTEY) ; R
. . . - . . - . e e I N
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SUBROUTINE NAME: ERRORS

DESCRIPTION

This subroutine contains print messages for various errors which may
occur, This is an open ended routine in that it can easily be extended to

handle more print messages.

CALLING SEQUENCE

CALL ERRORS (I)

where (I) selects the message to be printed,

UTILITY ROUTINES AND COMMON REFERENCES

None

METHOD OF SOLUTION

Not applicable,
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SUBROUTINE ERRORS(I)

OF

0 10
198

AN
[ START -—-—%quxxzzs _-__g{X.GE.XHAx )

IF THE VALUE TRANSFER

COMPUTED GO TO

LMSC/HREC A783573

1 T0
Is STATEMENT
1 10t
2 102
3 103
4 104
5 105
6 106
7 107 o |
8 108
9 109
10 110
11 111
12 112
13 113
14 114
15 115
16 116
17 117
18 118
19 119
20 120
21 121
22 122

102
! 102 I
——{ WRITE(6,2) -—400 TO 200

103
103

—3 WRITE(6,3)

PAGE
101
A WRITE(6,1) GO TO 200
GO TO 200 ——

104

|105[

3-18

"—‘{WRXTEW.‘)J—{GO TO 200 —-———{WRITE(S,S) ]—)FO TO 200 WRITE (6,6)
107 108
A o] o]
-—-——)‘ ¢O TO 200 ——){wRITE(éJ) ¢O TO 200 —% WRITE (6,8) —-—{GO TO 200
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LMSC/HREC A783573

SUBROUTINE ERRORS(I) ) PAGE 2 OF 2
109 110
23
WRITE(6,9) ¢O 10 200 VRITE 3% WRITE(6,10) GO TO 200

i 112 | [ ]

WRITE (6,11) —9{ «O TO 200 3} WRITE(6,12) ¢O TO 200 WRITE(6,13)
(214 ] 115 | '
I 114 ' | 115 !
——4 GO 710 2060 ——{ WRITE(6,14) —){ GO TO 200 |. {hﬁlTE(G,lS) —J[GO TO 200

l 116 | | 117 |
WRITE(5,16) ~———e{oo TO 200 WRITE(6,17) -———4700 YO 260
118 119 120

I [ [ . ‘
——3 WRITE (6,18) |——3 GO TO 200 >{1er 6,19) [=—— TO 200 —— WRITE(6,20)

1 ﬁ €(6,19) 1 ¢O TO 20

. [ 121 ! | 122 l

—-——4 ¢O TO 200 ———-{}RITE(G,Zx) ————a{co TO 200 ————44;RITE(6,22) ¢O TO 200

200
198 R

] 198 l £

T

WRITE (6,199) 1 v

R

N
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SUBROUTINE NAME: ESHOCK

DESCRIPTION:

This subroutine employes an iterative solution to perform the equili-
brium shock calculations for a real or ideal gas. The real and ideal gas
calculations are similar, the difference being that an ideal gas case con-

verges on the first iteration.

CALLING SEQUENCE

CALL ESHOCK (S1, V1, EP, DELTA, S2, V2)

where the input properties are (S1, V1) the upstream entropy and velocity
and (EP) the shock angle. The subroutine returns with (DELTA), the

turning angle and (S2, V2), the downstream entropy and velocity.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/
COMMON/GASCON/
TABLE RHOFEM
EMOFV ENTROP
POFEM DELTAF

METHOD OF SOLUTION

The equation for conservation of mass through a shock wave and the
two independent equations for momentum tangential and normal to the shock
wave are rearranged, The rearrangement allows for expressing the equation

as functions of four unknowns:

1. € - the shock angle

2., 0 - the turning angle

3. S2 - the entropy level downstream of the shock
4. qp - the velocity downstream of the shock
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One of the unknowns, €, is taken as an independent variable and an iterative

solution employed to solve for the other three,

For a more detailed description of the method of solution and a derivation

LMSC/HREC A783573

of the equations used, refer to Section 7 of Reference 1,

SUBROUTINE ESHOCK (S3,V1,EP,DELTA,S2,V2)

5’;_‘& TRANSFER TO SUBROUTINE
START - TABLE |

vusvi SU,VU

£Ps=EP '

EMUZENOFV (VU)
| PU=POTEM (EMU, SU)

RHOU=RHCFEM (EHU, SU)
SEPS=SIN(EPS)

CEPS=COS (EPS)
SC=ENTROP (EPS,ENV) +SU
sDI=sD
CELTA=CELTAF (EPS,EHU)

A

ICON(16) .EQ.1

-—{VD: VU%CEPS/COS (EPS-CELTA)

- B1
VRITE WRITE(6,1)51,V1 ,EPS,CELTA,SD, VO

A

L.y JCON(16).EQ.1

WRITE(6,1)ENU,PU,RHOU,GAKMA R, TO

_,l 1CON(16) .EQ.1

I 10 |
TRANSFER TO SUSROUTINE
——a{ WRITE (6,2) —>‘i=xrn TABLE
$0,V0

e

EMD=EMCFV (VD)
PD=POFEM(END, SD)
RHOD=RHOFEM (EMD, SD)

G1=VD=VUXSART ( (RHOUAKSEPS/RHOD) 432 +CEPS#CEPS)

‘-—){ C2=PC+RHOUSVURVURSEPSHSER S¥ (RHOU/RHOC-1,) =PY

N

ABS(G1).LT.1..AND.ABS(C2) .LT..0008%(F

¢« T0
30

YES

U .07, 485 (61) oLT.1..AND.ABS (62) .LT..00

NQ 5y IT.GT.20 | NO

PLNPPQ=~RHOC#VD/PD
PLNRPQ=PLNPFQ/CAMMA
PLNPPS==1./R
PLNRPS==1./R

A= (VUASEP SLRHOU/RHOC ) 42
PGIPQA=1,+A%PLNRFQ/VC
PGIPS=APLNRPS/VC
PG2PQ=POXFLNFFQ~-A#RHOC PLNRPQ

1 Of2

PG2PS=PCHPLNFPS-AXRHCCUFLNRPS
————x» SCP=S8C+ (G2%PGLIFR-CG14PU2PQA) / (FGIFS.FO2FQ-PG2PSEPGLPQ)
VCP=VC = (G +FGIPSH(SCP~S0V) /PGLPQ
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SUBROUTINE ESHOCK (51,V1,EP,CELTA,S2,V2) PAGE 2 OF 2

£

- B1
1CON(16) .EQ.1 N WRITE(6,1) SO, VD, S0P, VOP, R, GAKHA ICoN(16) .EQ.1 WRITE
o To
30
/@ /é(is
p— ~ | sc=sce
——v‘{k?XTE(G,l)TO,PO,PO,RHw,GI,GZ ___._;{ 1CON(16) LEQ.1 | YES, < %WRITE(G,Z) ﬁ[ S0P.LT.SDI | b vO=VOP
[ 20 [
NO
$2=8D -
v2zvo I EFS.LT.1.57079ii} | CELTAZEPS~ATAN(A/SQRT (1. -AvAt, |-
¢0 70 10 Az (RHOUBVUSSEPS) 7 (RHOD#VD) {7 | DELTAZERS . i
CELTA=O.
P
B1
lhRITE(6,1)SD,V0,CELTA,EP$,61,GZ ————% ICon(16) .EQ.1 WRITE

IBO[

TRANSFER TO SUBROUTINE X
———Jl WRITE (6,2) ——4 O TO 40 WEAK -———{ ¢o 70 20

SU,VU,EP,CELTA, SO, VD

ZAoICAMD
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FUNCTION NAME: FNEWTN

DESCRIPTION

This function solves for the Newtonian impact pressure along the plume
boundary. The calculation is accurate for hypersonic free stream velocities

or quiescent conditions (i.e., Moo = 0),

CALLING SEQUENCE

PIM = FNEWTN (THETA3, X, ITYPE1)

where (PIM) is the hypersonic Newtonian impact pressure at the plume
boundary, (THETA3) is the local flow angle at the boundary, (X) is the
axial coordinate of the boundary point, and (ITYPEIl) designates upper or

lower boundary. (1 - lower, 2 - upper)

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/
UTILITY- None

METHOD OF SOLUTION

The block common region - WALLCO contains the necessary informa-
tion to evaluate the free stream gas properties at the plume boundary point.

The impact pressure is then calculated using the following equation

2

2 .
P = Poo(l + ex)[l + YOOMOO sin (OB - OOO ]

FUNCTION FNEWTN(THETA3,X,ITYPEL)

ITYPE=ITYPEL - (ITYPE1/10) %10 GAM=WALLCO(1EQ,2,ITYPE)

Fz2¥(1TYPE-1) -1 EM=WALLCO(1EQ,3,1TYPE)

PAGE 3

START 1EQ=IEQANCW (I TYPE) THETASTHETA3-WALLCO(IEQ,4,ITYPE) /57.295779

P=WALLCO(IEQ,1,ITYPE) #(1 . +WALLCO(IEQ,5, ITYPE) &X) EMN=EN&SIN(THETA)

FHTHETA.CT.1.5707963 | YESY punzgy FHTHETA.LT.O0. | XESY puN=0. |-~} FNEWTN=P% (1. +CANKEMNIEKN)
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LMSC/HREC A783573

SUBROUTINE NAME: GASRD

DESCRIPTION:

This subroutine reads in the gas properties, These properties may be
real or ideal and read in via cards or tape. The routine also converts input

gas properties from MKS units to English (ENG) units if necessary,

CALLING SEQUENCE

CALL GASRD

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/XSI1COM/
COMMON/CONTRL/
COMMON/DATAR/
COMMON/GASCON/
COMMON/TAPEFO/
GASTAP

IDTAPE

METHOD OF SOLUTION

The gas name (ALPHA(I)), type units, and number of entropy cuts are
read in from an input card, If the gas properties are on cards, this sub-
routine reads the cards, If the gas properties are on tape, control of the

reading of properties is given to GASTAP, In either case, the properties

are converted from MKS to English (ENG) units by this subroutine if necessary,
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STARY

LMSC/HREC A783573

SUBROUTINE GASRD

¢« T0

/NE
1

ICON(1) .EQ.1

i
»*-—-——)l READ (5,1) (ALFHA (1) ,1=1,4),UNITS, 1§

|0 _f TRANSFER TO SUGROUTINE
GASTAP

PAGE

6y

I=1,1+1,...,1I8

REPEAT TO 20

FOR

READ(5,2)STAB (1) ,IVTAB (D)
L=IVTAB(I)

————% REAC(S,3) {1TAB(I,K, ) ,J=1,5) ,K=1,L) |

TRANSFER TO SUBROUTINE

ICTAFE
UNITS

[ ]

O TO
50

ANEE

30 A .
_._% co\mwg‘l_;[ UNITS-ENG.EQ.D.

NO_

REPEAT 7O 40

FOR

I=1,1+1,...,Is

L=IVTAB(D)

| STAB(1)=STAB(I)%778.%32.174

REPEAT TO 40

Kz1,1+3,...,L

1 OF2

FOR

T=1.8%TAB(I,K,4)
EM=TAB(I,K,1)

TAB (I ,K,4)=T

| TAB(I,K,2)=1545,4%32,174/TAB(I,K,2)

o]

5]

REPEAT TO 60
FOR

)‘STAB(I)=STAB(I)-SBASE

[ — —
b3 TAB(I,K,5)1=144.%14.696006%TAB (I ,K,5 -——)L ASE=STA

L K, (1,K,5) SBASE=STAB (1) > 122,108 000 18 L=IVTAB(I)
REPE_:AFLRTO 60 EM=TAB(],K,1)
P — T=TAB (I ,K,4)
21,1¢8,...,L TAS(1,K,1)=EM¥SQRT{TAB (1,K,2) «TAB (I ,K,3) %T)

NO

!

KNEL1 LYES) XSTCTLK=1,102 ((TAB AT ,K,1)#52) /TAB (1,K,2) =TAB (1, K=1,1) %42/ TAB (1 ,K=1,2)) /(TAB (I, |_J |

K=1,4)=TAB(I,K,4))
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SUBROUTINE GASRD . PAGE 2 OF2

{
—Yf-i;l XS1(1,K=1,1)=,5%xSI¢(I,X-1,1)

o N
! w |
K.NE.t LYES | XST(I,K-1,2)2AL0G (TAS (1 ,K=1,5) /TABI,K,5)) /ALOC (TAB (1,K-1,4) /TAB(I,K,4)) -.\L"l CONT NUE & 3

I 70 I WRITE(6,5) SBASE

GAMMA=TAB (1,1,

R
€
- = 4
WRITE(6,4) (ALPHA(I) ,1=1,4) , Rfﬁf‘;::)ilg) : ‘xligf:':’si 5
- L] ’ LI ]
R
N
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SUBROUTINE NAME: GASTAP

DESCRIPTION

GASTAP recovers the real gas properties generated by the NASA
LEWIS THERMOCHEMICAL DATA program and provides instructions for
writing this data on the MOC flow field tape. Only the gas properties neces-

sary for execution of the MOC program are recovered.

CALLING SEQUENCE

CALL GASTAP

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/
COMMON/DATAR/
COMMON/HEAD/
COMMON/TAPEFO/
UTILITY - None

METHOD OF SOLUTION

The gas name, (ALPHA(I)), specified on the input data is compared
with available cases on the thermochemical data tape until a match is found.

This particular case.is then read in and immediately rewritten on the MOC

flow field tape.



LMSC/HREC A783573

SUBROUTINE CASTAP PAGE 1 OF2

¢ T0
5
AN
[ )
START ﬁ CATA(BETEND(X).!:1.4)/4¢6h£n0/‘———-% IRUN(7).NE.0 [ 1Q { PRINT 3 ———-% IRUN(T) = IRUN(T) +1

A6
READ

51 WRITE (3) (KEACER (D) ,1=1,12) ,ICON(1 1)

30 ' .

( REPEAT TO 20
-~———aLRsao(10)<aETA(x>.x=x,4),xs S— FOR ALPHA (1) -BETA(D) .KE.O. —NQ—% co~rx~u:]————e(oo TO 70
I=1,141,...,4

BETEND (1) -BETA (1) .NE.O, .NQ_% CONTINUE]-———% co To ,00]

REPEAT TO 40
FOR
I=1,1+1,...,4

REPEAT TO 60
FCR
I=1,8+¢,...,1S

—er

o] o] A

70
————% REAO(!O)DUHMY-————%ﬁOD 10 10 CONTINUE ———e{‘5-°7'9]-155% I1s=9

REPEAT TO 90 .
FOR —_—
I1=1,1+1,...,15

f .
I ‘X READ(10)IV,ICATA, ((TEMP (J,K) ,X=1,1CATA) ,J21,IV) |[—>

% WRITE (3) (BETA(I),1=1,4),1s
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SUSROUTINE GASTAR PAGE 2 OF2

Jr2=l-2
TAB(1,JK2,1)=TENP (J,T)
| TAG (1,J2,2)=TCERP (J,5)
TAB(I,JM2,3)=TENP (4,6)

REPEAT TO 80
FOR
J=3,3+1,...,1V

4 WRITE () IV,ICATA, {(TENR (3,K) ,K=1,104TA) ,J=1,1V) |
1 IVTAB (1) =Iv-2

P S—
’ ] 50 | 50
‘ TAB(I,JH2,4)=TEKP (J,3) —a{ TAB(I,IR2,5)=TENP (J,2) —F{ STAR(I)=TENP (3,4) GO YO 110

160 R

TRANSFER TO SUSROUTINE <
ERRORS T

16 v

R

N
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SUBROUTINE NAME: HYPER

DESCRIPTION

This subroutine calculates the balanced pressure at a corner point
(i.e., at the intersection of a nozzle lip and the pressure boundary), The
pressure balance is determined for either the over or under expanded case

with impact or ambient freestream pressure,

CALLING SEQUENCE

CALL HYPER (PB, I, K, ITYPE)

where (PB) is the boundary pressure, (I, K).locates the boundary point, and

(ITYPE) indicates if upper or lower boundary is involved.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/
TABLE

POFEM

FNEWTN
OVEREX

ITSUB

THETPM
ERRORS

METHOD OF SOLUTION

The freestream pressure (may be impact or ambient) is compared to
static pressure within the plume, Depending on whether the comparison
indicates the flow is over or under expanded, a branch is made to (OVEREX)
or (THETPM). In either of these routines an iterative process produces

the balanced boundary pressure,
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ITYPE=ITYPEL-10%(ITYPEL1/10)

SUBROVTINEHYPER

LMSC/HREC A783573

(P8,1,K,ITYPEL)

F
START 17=0 SC=PHO(5,1,X) | TRANSFER T.I’AOBLSEWROUT‘NE
F=1+2% (1 TYPE-2) THETACZPHO (4, 1,K) sc ve
VC=PHO(3,1,X) '
¢ T0
20
AN
PC=POF HOF
e ) 1) ENINF=WALLCO(IEQ,3, ITYPE) _
! HYPPC=FNEWTH (FATRETAC,PRO(2,1,K) , ITYFE) PC.CE.HYPPC L KO

PINF=WALLCO(IEQ,1,ITYPE)

GAMINF=VALLCO(IEQ,2,ITYPE)

CONV=,001%PINF

PAGE

SAVE(1)=1.

SAVE (2) = (HYPPC~-PC) /100,
PB=HYPPC

TRANSFER TO SUSROUTINE

OVEREX
£B,1,K,ITYPE

FOFPB=PE~FNEWTN (F¥PHO (4, 1+1,K) ,PHO(2,1,K) , ITYPE)

TRANSFER TO SUSROUTINE
1Tsus
FOFPB,FPB,SAVE,CONV,100

————4 IBR=SAVE(1)

IF THE VAL

COMPUTED GO TO
TRANSFER
10
STATEMENT

OF IBR

Is

D AN e
-
o

5]

SAVE(1)=1,
ITER=0

IT=1T+4
FIT=IT

SAVE(2)=~-.05%F/FIT
CELTA=. 054 /FIT
CELACT=0.
CCLSAV=CELTA

1 OF 2

[0 ]

CELTA=CELSAV-CELACT |
ITER=1TER+1

TRANSFER TO SUBROUTINE
THETPM
SC,CELTA,VF,v(, 1, ITYFE

'———% CELACT=CELACT+CELTA |

TABLE
SC,VF

TRANSFER TO SUBROUTINE

_—__> Y

20

«0 TO

FB=POFEM (EMCFV (VF) , SC)
FOFCEL=PB-FNEWTN (F# (THETAC+DELACT) ,PHO(2,1,K) , ITYPE)

AN

‘____% FGFOEL.LT.0..AND. I TER.EQ.1
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SUBROUTINEHYPER (PB, 1 ,K,ITYPEL) PAGE 2 OF2
CONPUTED ¢O TO . 50
IF THE VALUE TRANSFER

OF IBR T0 l 40 l R
TRANSFER TO SUSROUTINE Is STATEHMENT TRANSFER TO SUSROUTINE E
VC=VF 1 30 T
17518 ' IBR=SAVE (1) 2 30 ERRORS u
FOFCEL,CELSAV,SAVE,CONV,100 " 3 30 17 R
4 30 N

5 50

6 40
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SUBROUTINE NAME: IDTAPE

DESCRIPTION

This subroutine writes the gas properties which were input via cards
on the flow field program tape. The format used to write them on tape is

compatible with that used for real gas.

CALLING SEQUENCE

CALL IDTAPE (UNITS)

where (UNITS) indicates whether the gas properties are being read in with
English (ENG) or MKS units,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/
COMMON/TAPEFO/
COMMON/CONTRL/
COMMON/HEAD/
UTILITY - None

METHOD OF SOLUTION

Gas property data is read in from cards, If not already in MKS units,
the data is converted, This converted data is then written on the flow field

tape (tape 3).
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SUSROUTINE IDTAPE (UNITS)

STARY ——3% WRITE (3) (HEACER (I),151,12),ICON(1Y)

PAGE

VRITE(3) (ALPHA (D) ,I=1,4),15

REPEAT TO 100
FOR
1=1,1+1,...,1s

1

IVSIVTAB (1) +2 REPEAT TO 50
IDATA=? FOR J.GT.3 LYESY 4z, A
34z3 J=1,141 000,10V

IN2=JJ-2

TEMP (J,7)=TAB(I,JM2,1)
TENP (J,5)=TAB(I,JH2,2)
TEMP (J,6)=TAB(1,JM2,3)

GO0 TO
100

5]

*——ﬁ{TEMP(J,B):TAB(I,JM2,4)

TEMP (J,2)=TAB(I, JM2,5) UNITS.NE.ENG

TENP (3,4)=STAB (D)

REPEAT TO 60
FOR
J=1,1+1,...,1V

%]

TEMP (J,5)=TEMP (J,5) /7 (1545.4432.,174)

TEKP (J,3)=TENP(J,3) /1.8

TEKP (J,2)=TEMP (J,2)/(144.%14.636006) TEMP(3,4)=TEMP (3,4)/(778.%32.174)
R
l 100 l €
———{WRXTE (3)IV,ICATA, ((TEMP (J,K) ,K=1,I0ATA) ,J=21,1V) [ I’
R
N
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SUBROUTINE NAME: INITP

DESCRIPTION

LMSC/HREC A783573

This subroutine initializes the values of certain control parameters,

thereby providing for proper activation of the program. These initial values

include:

the number of the initial upper and lower boundary equations,

the number of the first characteristic line,

convergence criteria,

1,
2.
3. the initial number of degrees per Prandtl-Meyer ray,
4.
5.

maximum number of iterations.

CALLING SEQUENCE

CALL INITP

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL
COMMON/CRITER
COMMON/DATAR
COMMON/HEAD
COMMON/STEPC
UTILITY - None

METHOD OF SOLUTION

Not applicable,

SUSROVTINEINITP

START

1=13,13+1,...,3

PAGE
| 10 I
IRUN(6)=1
STEP (1)=.01745%2.
STEP (2)=4.
IRUN(10)=9999

REPEAT T0 10 HEACER (1) =HEACP (1)
FOR | IRUN(S) =1
,36 TEQNOW (1) =1
[EGNOW (2) =1

OATA (HEACP (1) ,1=213,36) /243617 —;

REPEAT TO 20 I 20 ]

FOR CONVRG (1)=.,0001
I=1,1+%,...,10

REPEAT TO 30
FOR
1=1,141,...,10

3-35
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SUBROUTINE NAME;: INRSCT

DESCRIPTION

This subroutine finds the intersection of two straight lines,

CALLING SEQUENCE

CALL INRSCT (R1, X1, BETAL, R2, X2, BETA2, R3, X3)

where (R1, X1, BETA1l) and {(R2, X2, BETAZ2) define the equations of the two
straight lines which intersect at (R3, X3),

UTILITY ROUTINES AND COMMON REFERENCES

None

METHOD OF SOLUTION

The equations of the straight lines are written

1]

r tanﬂl (x - %) +r

1

and

»
|

cotﬂ2 (r - rz) + %,

These equations are solved for x but a test on the slopes is made to prevent
indeterminate forms, If an indeterminate form is possible, the points are
mapped one onto another, thus precluding the possibility of indeterminancy

except when the lines are parallel.

SUBROUTINEINRSCT(TL:,72,73,74,75,76,R3,X3)

NO No
T(,0=T1 R
START T(2,1)=72 T(3.2)276 _,{Assuasm)-moe).u..a YESY 1122 Ly ABS(T6).LT..1 LYESY 142

T3,1:13 .
T(1,2)=74 11=1

R

1223-11 : £

TRIGT=SIN(T (3,11))/COS(T(3,11)) . ; ' T

TRICC=COS (T (3,12)) /SIN(T(3,12)) % R3=T(1,11) #(X3-T(2,11)) 4TRICY v

X3 (T(2,12)+ (T(1,11)-T(1,12) =TRICTST(2,13)) #TRICC) / (1.~ TRIGTHTRIGE) R

- N
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FUNCTION NAME: ITERM

DESCRIPTION

ITERM tests each characteristic point to determine if it is within the
predefined problem limits. If the point falls outside the limits, the present

characteristic line is terminated and a new line started.

CALLING SEQUENCE

- FUNCTION = ITERM (IP, K)

where (IP) identifies the characteristic point on the new (K) line.

UTILITY ROUTINES AND COMMON REFERENCES
COMMON/CUTFO/
' COMMON/DATAR/
UTILITY - None

METHOD OF SOLUTION

The angular orientation of a line drawn from the upper or lower cutoff
coordinates to the characteristic point is determined. Comparing this angle
to the angle of the upper or lower cutoff line determines if the point is inside

or outside the problem limits,
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FUNCTION ITERM(IP,X)
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SUBROUTINE NAME: ITSUB

DESCRIPTION

This subroutine controls the iterative solution of any set of equations
which can ultimately be expressed as a function of one variable. The routine

can also be used to control an integration loop.

CALLING SEQUENCE

CALL ITSUB (FOFX, X, SAVE, CONV, NTIMES)

(FOFX) - function of X which is driven to zero
(X) - variable which is iteratively solved for

(SAVE) - program control, i.e.,, SAVE(l) is control counter,
SAVE(Z2) is X increment

(CONV) - convergence criteria

(NTIMES) - maximum number of iterations

UTILITY ROUTINES AND COMMON REFERENCES

None

METHOD OF SOLUTION

ITSUB modifies (X) in the proper direction by the decrement value
(SAVE(2)) until the root has been bracketed., The method of false position
is then used to modify X until the solution is reached., Immediately after
entering ITSUB each time, the function is inspected for convergence., If
the function has converged, a program control is set, and computer control

is transferred to the calling routine.
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SUBROUTINE ITSUB (FOFY,Y,SAVE,CONV,NTIMES) PACGE 2 OF 2

GO TO

100 [——]“o
| 160 | ITINE=S

N1.CE.NTIKES N1zh1e1 - SAVE (4)=X =
‘ SAVE (3)=N1 GO 10 120 ITIME ¢O TO 120 SAVZ (5) =FOFX SAVE (7) SFOFX
*SAVE(6) =X

IIZOI

SAVE(1)=FLOAT(ITIME) #.1 |

Y=X

ZOxC-mMm»

3-41



LMSC/HREC A783573

SUBROUTINE NAME: KIKOFF

DESCRIPTION

This subroutine allows control to return to the Main program if an
error in the calculation is encountered. It also reads in the plot request
data if SC 4020 plots are desired,

CALLING SEQUENCE

CALL KIKOFF

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/
DRIVER

METHOD OF SOLUTION

Not applicable,

SUBROUTINE KIKOFF

¢ TO

10 :
A s

A2 TRANSFER TO SUSROUTINE
START ICON(6).EQ.0 LK READ  READ (5,1) (11 (1),1=1,30) CRIVER
Sy
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SUBROUTINE NAME: LIMITS

DESCRIPTION

This subroutine tests the new boundary point to determine if it is within
the limits of the current boundary equation. Depending on the test, the options

are:

1. remain on the current boundary equation,
2. advance to the next boundary equation, or

3. the current equation is the last one specified,

CALLING SEQUENCE

CALL LIMITS (I, K, ITYPE, IOK)

where (I, K) represents the location of the boundary point in the PHO array,
(ITYPE) tells if an upper or lower boundary is to be considered, and (IOK)

is a control indicating if option 1, 2, or 3 is to be used,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL
COMMON/DATAR
UTILITY - None

METHOD OF SOLUTION

The radius (RMAX) and boundary angle (THETAMAX) at the limiting
axial value is calculated in (BOUND), (RMAX) or (XMAX) is compared to
(R) or (X) for the point in question, The results of the comparison determine

if option 1, 2 or 3 is to be used.
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SUBROUTINE NAME: LIPIN

DESCRIPTION

LIPIN calculates information for the starting line points when the

simplified straight start line option is used (i.e,, when ICON(2) = 0).

CALLING SEQUENCE

CALL LIPIN (COOR, S, INTOT, DELM)

where (COOR) is the starting line information array, (S) is the entropy level
of the start line, (INTOT) is the total number of input points specified (50 MAX),
and (DELM) is the change in Mach number along the start line,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/INPUT/
TABLE

RGVOFM

UOFV

METHOD OF SOLUTION

The start line input data is divided into the specified number of increments,
Radial gradients in Mach number, X, 8, are calculated. A quarter circle is
divided into the specified increments and data transferred, considering gradients,

to the start line,
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SUBROUTINE NAME: MASCON

DESCRIPTION

This subroutine calculates the Mach number distribution at an area
downstream of the throat such that total mass flow is conserved. Mass flow,

calculated at the throat, is used as the constant for comparison,

CALLING SEQUENCE

CALL MASCON (E, SE, DELM)

where (E) is the input line array (CORLIP), (SE) is the exit entropy level,
and (DELM) is the Mach number gradient along the start line,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/
RGVOFM

RHOFEM

ERRORS

METHOD OF SOLUTION

The mass flow rate at the throat (I\./I*) is calculated, This (I\'/I*) is com-
pared to that at the exit area for a given Mach number distribution. The

Mach number distribution is perturbed until mass flow is conserved.
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SUBROUTINE NAME: MASSCK

DESCRIPTION

This subroutine keeps a running check on the mass flow. Mass flow
at the starting line is calculated and compared with that crossing each

characteristic line downstream.

CALLING SEQUENCE

CALL MASSCK (ILAST, ISTART, K)

where (ILAST) is the last point on the previous line, (ISTART) is the first

input point or axis point, and (K) represents the new characteristic line,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/
COMMON/INPUT/
COMMON/CONTRL/
COMMON/STEPC/
TABLE

EMOFV

RHOFEM

UOFV

METHOD OF SOLUTION

The mass flow through the start line/second characteristic line is
calculated and stored, Mass flow through lines downstream are calculated
and their values compared with the initial value. A percent change in mass

flow is printed for each characteristic line,
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SUBROUTINE NAME: MOCSOL

DESCRIPTION

This subroutine provides all two dimensional or axisymmetric method-
of-characteristics solutions. The new point being solved for may be one of

five possible types:

1, interior point

2. upper wall point
3. upper free boundary point
4, lower wall point

5.

lower free boundary point

CALLING SEQUENCE

CALL MOCSOL (I, K, 11, K1, IZ2, K2, IFLAG, ITYPE)

where (I, K) identifies the storage location for the new point to be computed,
. (I1, K1) identifies the right running (or upper boundary) known point, and
(I2, K2) identifies the left running (or lower boundary) known point, (IFLAG)

is an error indicator and (ITYPE) selects the type calculation,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/ BOUND
COMMON/CRITER/ ROTERM
COMMON/DATAR/ VOFEM
COMMON/GASCON/ RGMOFP
TABLE FNEWTN
INRSCT UOFV
ERRORS

METHOD OF SOLUTION

The four characteristic equations are written as a function of five

variables (R, X, 8, V, S). An additional relationship is obtained by assuming
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the entropy (S) varies linearly between known data points., Using these
characteristic equations in finite difference form, the routine solves for a

new mesh point, knowing two mesh points of opposite family,

The solution is begun by setting the average values of properties over
the step length equal to the known values at the base points, Subsequent
passes in the iterative solution result in "'"updated" average values, The
iterative solution is continued until the desired convergence on velocity or

flow angle is reached or until the maximum number of iterations is exceeded,

For a detailed derivation of the characteristic equations and a description
of their application in finite difference form to the solution of the characteristic

mesh, see Section 6, Reference 1.
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SUBROUTINEMOCSTL (1N, KN, INL ,KN1 , IN2 ,KN2, IFLAG, I TYPE) PAGE 3 OF 5
) 30 |
- —— P l
e SULB=SIN(V1IB) su2Bz sx~(uza) ;
- | R1B= (R1+R3)%.5 CU2B=COS (U2B)
VIZNOFEM (RQUOFP (F R o
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AN A GAMAV2= (GAMMAZ+GAMMA) %. 5 G2=SIN(THET28) «F2/R2B
< . P e e
P
: i COMPUTEC GO TO —
; j IF THE VALUE  TRANSFER o l 95 ]“
: | o 1rveen 10 ey
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| COMPUTEE 6O TO ey
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1 105
2 110
[ﬁw ’
e COMPUTEC GO TO
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- SUBROUTINEMOCSOL (IN, KN, IN ,KN1,IN2,KN2, IFLAG, I TYFE)

[— [

COMPUTEDR GO TO

FAGE 4 OF S

i
130 ! i
e \ IF THE VALUE TRANSFER
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L. 3 140
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SUBROUTINEMOC SOL (IN, KN, IN1 ,KNT , IN2,KN2 , IFLAG,ITYFE) PACE 5 OF S

| -]

‘ 30
T Iil v P (K)ZPHO(K,L1,L2)
B LA S JLI’I (1PASS) REPE‘; TO 30\ 22 (1PASS-1) -1
PRI (R)ZPHIK | SR = ) OR e .
: O, 13,k | [ 2= (pass) > =1 ,1010000s7 X BETAZ (P (4) +P3 (4) +F (P (6) +P3 (6)) ) %.5 ! >
| i e ABETA=ABS (BETA) ; ;

NO
S

}Psm LGT.P (1) .ANC.BETA.LT.0..0R.P3 (1).LT.P (1) .AND.BETA.GT.0..OR.P3 (2) .GT.P (2). yesd
1 ANC.ABETA.CT.PIOR.OR.F3(2) .LT.P(2) . ANC.ABETA.LT.PICR ) lok=2-1PAss/2
® -
: e
S : : I
i H
Lo COMFUTEC 6O TO R
L IF o;ng VALUE TRANSFER 'i w0 | i E
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R P ]
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1 40 R
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SUBROUTINE NAME: MONO

DESCRIPTION

This subroutine determines if the characteristic solution is monotonic

along left or right running lines.

CALLING SEQUENCE

CALL MONO (11, J1, 12, J2, I3, K3, IOK)

where (I1, J1), (12, J2), (I3, K3) designate the right running base point, the
left running base point, and the new characteristic point, respectively. IOK
is a flag returned to the calling program which is (0) if solutiou is monotonic,

(1) if a non-monotonic condition has occurred along the right running charac-

teristic, and (2) if one has occurred along a left running line.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/
UTILITY - None

METHOD OF SOLUTION

Envelope shock waves are detected in a method-of-characteristics
solution by crossing of characteristic lines which, mathematically, causes
a discontinuity in the flow properties. This discontinuity is interpreted as
a shock wave. This routine is supplied the two base points used and the
resultant new mesh point, Using this information, a discontinuityﬂ if it

exists, is detected.

III

=P
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Now
“~ < - — 4 .= —_
T = T + )‘I {cos(eI - pLI)L + sm(eI - “I) J}
and
< _ s -—

r r.+ A ) 7)1 in(g 5
m = ot Ax {°°S( it oMt F oSO+ oug) J}

Effectively, this routine checks the sign of )\I, I and sets IOK accordingly,

e.g., if A'I, /‘.\H >0 IOK = 0

if AI <0 IOK = 1

if Apg <0 IOK = 2
SUZRNDUTINE MONO(lL,J1,12,42,13,K3,10K) PAGE H

4 T [ 20 l - .
1 e B N
texzg | .- REPEAT 10 10 _l w0 | o : \vc.o:u.r ™ 30\

i sy Crgy=gr CL1=T(IFASS) | fo o
Cavamr L——. 1Pass=s . L it=at FOR 8 Ps(x)=FHo(x.x3.x3j——>| N e/ o \
i H Tty=1y i.|(2):‘12; KZ1,102,0000? ; E_Z-J(I ASS i /.(:1,'_01,.,_,7/
tr=12 L o Y e ' . J
t . T
[
‘ P X)ZPHOIK,LL,L2) ]
e, Fz2a(1PASS-1) -1 : .
BETAZ (P (41 +P3 (&) «F 2 (P (6) +P3 (6))) %.5 |
: ASETAZABS(BETA)
t - e e
< - - e e W
NO
AN
! CP3(1).CT.P (1) .AND.BETA.LT.0..OR.P3(1).LT.P (1) .AND.BETA.GT.0..OR.P3(2).6T.P(2). | L ienssy o
— ANC.ABETA.GT.PIO2.0OR.P3(2).LT.P(2) .ANC.ABETA.LT.PIO2 ! ToK=2-1PASS/2 I
e e e e e R -
. L e I SR . .
[ |
— S . |
; COMPUTED GO TO f R |
! 1F THE VALUE TRANSFER | CE
! e 1PasSS 5 o] LT
- - 2 60 T 20 |
{s STATEMENT | U
1 40 IR
' 2 50 ;N :
. .
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SUBROUTINE NAME: OUT

DESCRIPTION

This subroutine writes the calculated data at characteristic points along

with the corresponding title and headings,

CALLING SEQUENCE

CALL OUT (11, I2, K)

where (I1, I2) refer to the point numbers of the points to be output (any number
of points may be output at one time), (K) represents the current characteristic

line (takes on the value 1 or 2),

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/
COMMON/DATAR/
COMMON/GASCON/
COMMON/GASTAB/
COMMON/HEAD/
PAGE

TABLE

METHOD OF SOLUTION

Not applicable,
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SUBROUTINE QUT (11,12,K) PAGE 2 DF2

I3
¢

60 —
. 70
! ! [SHECK =1 e S ]’ ~ N
;60 T2 TS “z? nlwms(s S)ASTER LHIGH.I (AL, ,L21,3) (P Let, 5) P(7)‘]---—~--~>§
B - % —
Lo e i
‘ i
« E e e+ e a1 n e - =
oo ey COMPUTEC CO TO — 80 |
pors ! IF THE VALUE . TRANSFER | T(1)=UOFEM (P (3)) #RACCEG
- munm-mmu—):{ « l;mss srnégznr T@)=POFEMP(3),P 1) | oo veremcp3r) —
B | . 30 T(3) SRHOFEM (P (3) ,P (5)) > 8! i
2 a0 T(4)=TCFEM (P (3)) !
3 80
J
€ o e R
0 To
g 90
, { YES
]
- | WRITE (6,6) (T(L),L=1,5) “_r,_"{NEs,,_T,ﬂ NO GAMZGAMMA
. . TRUN (4) =IRUN (4) +1 WEIGHT=1545.4%32.174/R
'(. S
; .
H = 4
| " TRANSFER TO SUBROUTINE ﬂmsreg 10 suareounu\
Co-n ESHOCK TASLE POSTAR=POFEM (0. ,SSTAR) | ——y s
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' o G0 TO
i 100
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) ' WRITE(6,3)YWEIGHT ,GAM, TO,POSTAR,SSTAR ! { IRUN(4) .LT.55 |. - ! ! I. EQ Jz t \D
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]
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L Ui
B
{8

3-63



L

LMSC/HREC A783573

SUBROUTINE NAME: OUTBIN

DESCRIPTION

This subroutine writes the calculated characteristic point data on the

binary output tape, This is done for any number of characteristic points,

CALLING SEQUENCE

CALL OUTBIN (i1, I2, J)

where (11, 12) identifies the range of points to be written on tape (Il is first

point, I2 is last), (J) represents the current characteristic line (1 or 2),

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/
TABLE
EMOFV

METHOD OF SOLUTION

Not applicable,

SUBRCUTINEOUTSIN(I1,12, 1)
r —————1
’ o it e e \ - i 10 !
T k=g | REFE“ ’0 10 ANSFER 10 SUBROUTINE . ' L
{ START .- --» N by FRR N TABLE e} APHO (1 ,K)SEMOFY (PHO(3,1,K2) - -
. AST=12-11
e L ulf._l__ﬂ_j "/ 1", “"' PHO(S 1,K),PHO(,!,K) )

AX § T 1 A4
%? .,---v>Lmnzm ILAST.ILAST.ILAST.ILASTJ~-%‘——-—)

ey WRITES) (LIPHO(L,K) ,PHO(L,1,K) ,FHO(2,1,K) ,APHO(T,K) ,PHO (4,1 ,K) ,PRO(5,]1,K) ,PHO( |
6,1,K),PHO(?,1,K)),1=11,12)

f
m :p“}

ZA0C -
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SUBROUTINE NAME: OVEREX

DESCRIPTION

This subroutine solves for the shock angle at the nozzle lip when the
flow is over expanded. Provisions are made to calculate the shock angle
for an upper or lower lip point, Real gas effects are considered in calculating

flow properties downstream of the shock,

CALLING SEQUENCE

CALL OVEREX (PB, I, K, ITYPE)

where (PB) is the freestream pressure at the boundary, (I, K) define the
location of the lip point in the characteristic data (PHO) array and (ITYPE)

indicates whether an upper or lower boundary is to be considered,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/
TABLE

ESHOCK

ITSUB

METHOD OF SOLUTION

An initial shock angle is guessed, This shock angle is perturbed
in ITSUB and the result used to calculate flow properties downstream of the
shock, including static pressure, The calculated static pressure is compared
with the boundary pressure and the arbitrary difference function (FOFEPS) is
driven sufficiently close to zero by successive iterations for the convergence

criteria to be met,
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STARY

~2 63 10 4p !

SUBROUTINEOVEREX (PB,1,K,ITYFEL)
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PAGE
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w0 |

—
[ 30 ]
ﬁamsv:a 1o swﬁourmﬁ
ERRORS
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ey
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s
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SUBROUTINE NAME: PAGE

DESCRIPTION

This subroutine page ejects and writes the header comments and page

number on each page of printout,

CALLING SEQUENCE

CALL PAGE (LCNT)

where (LCNT) is a counter which monitors the number of lines of printed

output per page. (LCNT) is re-initialized in PAGE,

UTILITY ROUTINES AND COMMON REFERENCES
COMMON/HEAD/
COMMON/CONTRL/
UTILITY - None

METHOD OF SOLUTION

When the maximum number of lines per page have been output, (PAGE)
is called to page eject, It then prints the identifying information and the page

number, increments the page number and re-initializes the line counter,

SUBROUTINE FAGE (LINT) FALT
. .. / )
e 1yt e oy R
tvaz Y n e TS B WRITE(S, 1) ICON(11) , IRUN(D) : . ./’_" o - - L CNTS
) WARLTE R L6 U (63 = TRUN (69 21 rCmie » WRITE (6,2) (HEADER (1), 121,12) » LONT=Z
- . . - " . PR - e . ,’ o T crTmT T I ¢
NG N

PAgEe 4
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SUBROUTINE NAME: PHASEl

DESCRIPTION

This subroutine provides the necessary logic to successively employ
the proper calculation at the proper time in order to describe the entire
characteristic mesh, Direction is given to calculate the flow ﬁeld-throughout
the nozzle and plume, and termination is achieved when a right running shock

intersects the boundary or problem limits have been reached,

CALLING SEQUENCE

CALL PHASE!] (IFINIS)

where (IFINIS) is a flag to bring in an additional logic routine (non-existant
for present setup) for additional calculations after Phase 1 is through,

Currently (IFINIS) remains zero and represents growth potential only.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/ HYPER
COMMON/DATAR/ POFEM
COMMON/INPUT/ EMOFV
COMMON/STEPC/ RGMOFP
TABLE VOFEM
OUT THETPM
THRUST MONO
OUTBIN TURN
MOCSOL OVEREX
LIMITS ERRORS
BOUND SHOCK
PRANDT MASSCK
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METHOD OF SOLUTION

In general terms, the flow properties at an unknown characteristic
point may be expressed as some operation () on some number (@1, P2, ...,
®m) of known points. These operations () differ according to the type of
unknown point to be calculated. Presently, the six types of unknown points

dealt with or six operations () performed are:

. starting line point ()

. interior point (y)

. boundary point (upper or lower) («pB)
. attached shock point (gl/AS)

. shock point (Yg)

o W N

. Prandtl-Meyer point (upper or lower, solid or free) (Ypm)

Basically, PHASE1 contains the fixed point arithmetic necessary to perform
the above mentioned calculations. Through this system of fixed point arith-
metic, the necessary types of calculations are performed on the proper known
characteristic points to produce the new characteristic point, For a detailed
description of the fixed point arithmetic and examples of its use, see Section

10 of Reference 1.
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SUSROUTINE PHASE! (IFINIS) PACE 1 OF 13
— ——— o f B —
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SUBROUTINE NAME: PLUMIN

DESCRIPTION

This subroutine reads in the input data (input via cards) necessary to
complete the method-of-characteristics solution, This input information is
routed by PLUMIN to various supporting routines depending on the options
selected,

CALLING SEQUENCE

CALL PLUMIN

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/COONED/ GASRD
COMMON/CONTRL/ BOUND
COMMON/CUTFO/ LIPIN
COMMON/DATAR/ AOASTR
COMMON/GASCON/ MASCON
COMMON/HEAD/ RGVOFM
COMMON/INPUT/ UOFV
COMMON/JUBCOM/ TABLE
COMMON/STEPC/ TOFV
PLMOUT EMOFV
POFEM

METHOD OF SOLUTION

Not applicable,
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SUBROUTINE NAME: PLMOUT

DESCRIPTION

This subroutine prints the data read by (PLUMIN).

CALLING SEQUENCE

CALL PLMOUT (KP, LCNT)

where (KP) is a control parameter which is set in PLUMIN, and (LCNT) is

the printed line counter,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/
COMMON/CUTFO/
COMMON/DATAR/
COMMON/EMCURV/
COMMON/GASCON/
COMMON/HEAD/
COMMON/INPUT/
PAGE

TABLE

EMOFV

METHOD OF SOLUTION

Not applicable,
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FUNCTION NAME: POFEM

DESCRIPTION

This function computes the local static pressure as a function of Mach

number and entropy.

CALLING SEQUENCE

P = POFEM (EM, S)
where (P) is the resultant static pressure found from the Mach number (EM)

and entropy (S). NOTE: The appropriate values of the gas properties must

be stored in common upon entry to this routine,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/
UTILITY - None

METHOD OF SOLUTION

Thermally perfect gas relationships are used to find the pressure,

- - 2
p:poes/R<1+——-——y 1M>

FUNCTION POFENGENM,S)

CHI02= (CAKHA-1.) %, 5
RATCANZCANNAZ (CANNA=L.)
PSTAR=PO/EXP (8/R)
POFEMEPETAR/ ((1.¢CHLO2SENSEN) #$RATCARD

STARTY
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SUBROUTINE NAME;:; PRANDT

DESCRIPTION

This subroutine computes the Prandtl-Meyer expansion angle for a
given boundary angle and divides this angle into a series of expansion ""rays.,"
The flow properties at each angular increment are set and stored in the |

Characteristic Data (PHO) array.,

CALLING SEQUENCE

CALL PRANDT (I, J, THETAB, NPM, IFLAG, ITYPE)
where

(I) - represents the corner point
(J) - indicates a characteristic line
(THETAB) - is the boundary angle
(NPM) - number of Prandtl-Meyer increments (calculated in PRANDT)
(IFLAG) - error flag
(ITYPE) - indicates if upper (2) or lower (1) boundary

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CRITER/
COMMON/DATAR/
COMMON/GASCON/
COMMON/STEPC/
TABLE

THETPM

UOFV

METHOD OF SOLUTION

The routine is entered with known flow properties and a known corner
and boundary flow angle, From the known angles and the preset number of

degrees per ray, the number of increments is calculated, The number of
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E FVARY
—

IFLAc=g
RCEPHO(1 o1, 1) |
XC=PHO (2,41 4J)

are then set into the (PHO) array,

degrees per ray is then adjusted by a weighting function,

of degrees per ray and returns with a final velocity,

LMSC/HREGC A783573

SUBROUTINE PRANDT (1,4, THETAD ,NPM,IFLAG,ITYPE)

TRANSFER YO SUDROUTINE
TABLE
8C,PHO(3,1,d)

Subroutine
(THETPM) is entered with known initial conditions and the adjusted number

These new conditions

VC2PHO(3,1,4)
THETAC=PHO(4,1,4)

NPH=ABS ((THETAB-THETAC) /STEP (1))

8C=PHO(S,1,J) NPM2NPHe S
] 10 |
vi=ve . K=Ket
THETAIZ THETAC ARG=0 ARGZARG+DPIOR
k=0 T DEGPMP= (THETAB-THETAC) % (1.-COS (ARG) ) = (THETAL -THETAC)
O0PIOR=1.5T079G3/FLOAT (NPM) KPiz=K+]
l 30 l
PHO (1 ,KP1,J)=RC TRANSFER YO SU3ROUTINE :H'g’(? 'K“:,' ',’,':,‘:?E':AR,
PHO(2 XPT , ) =XC THETPN { THETAI=THETAI4DEGPNHP PHO (G m;x n'-uorvcvsnm
PHO(S ,KPT,J)25C HOLG,KPT,J) =

SC,DEGPMP ,VSTAR,VI 1 ,ITYPE

PHO(Y KP1,J) =0,

PASGE

IPHO(KP1,J)=3

APHO(KPE , J)=ASTER

VIEVSTAR

¢ TO

YES
k)

__.{K-LTcNPM GO T0 200
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FUNCTION NAME: RGMOFP

DESCRIPTION

This subroutine finds Mach number as a function of pressure and
entropy, The difference between this routine and EMOFP is that in this

case the gas properties are not known prior to entry,

CALLING SEQUENCE

EM = RGMOFP (P, S)

where (EM) is the resultant Mach number and (P) is the local static pressure,

while (S) is the local entropy,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASTAB/
COMMON/GASCON/
POFEM

EMOFYV

ITSUB

TABLE

METHOD OF SOLUTION

The real gas tables have, as independent variables, entropy and velocity,
If the velocity is not known, an iterative solution must be employed to find

Mach number from pressure and entropy.



FUNCTION RGKOFP (P,8)

A

START ————‘ﬂ CONVE= , 0001 %F

CONVE.LT.1.E~-4 [ YES

LMSC/HREC A783573

CONVE=1.E-4

18=1CON(ED
IV=IVTIAD (ISR

PACE o

TRANSFER TO SUJROUT
TABLE

STAB(I8) ,TAB(IS,IV, 1)

INE

TRANSFER TO SUBROUTINE

VEVOFEM (EHOFP (P4 8) ) TRANSFER TO SUBROUTINE
SAVE (1024, ‘ 'um.e FOFV=POFEN (EKOFY (V) ,8) ~ 178W
SAVE (2)=2V8,.014 FOFV,V.SAVE,CONVE,999
COMPUTED €0 TO
IF THE VALUE  TRANSFER' ]
. OF IBR T0 I—-zo—l 0
": '"Ig““" TRANSFER TO SUBROUTINE
I1DR=SAVE (1) : o RCKOFP=EKOFY (V) 0 VO 4@ znaoas
3 10
4 10
s 20 .
¢ 30
0
¢o 70 20
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FUNCTION NAME: RGVOFM

DESCRIPTION

This subroutine finds velocity as a function of Mach number and entropy.
The difference between this routine and VOFEM is that the gas properties

are not known prior to entry,

CALLING SEQUENCE

V = RGVOFM (S, EM)

where V is the resultant velocity formed from entropy (S) and Mach number
(EM).

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASTAB/
TABLE

VOFEM

EMOFV

ITSUB

METHOD OF SOLUTION

The real gas tables have, as independent variables, entropy and velocity,
If the velocity is not known, an iterative solution must be employed to find the

velocity from Mach number and entropy.
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FUNCTIONRGVOFM (3 ,EM) pacE 3
[0 |
CONVE= 0001 4EN TRANSFER TO SUBROUTINE V= VOFEM (EN) TRANSFER TO SUBROUTINE
sTaRT 1821CON (1) TABLE SAVE (1)=1. TABLE
IVEIVTAB(18) STAB(IS) , TAB (I8,1V,1) SAVE (2)2V4.01 8,V
[
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IF THE VALUE  TRANSFER
oF 18R 10 —
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FOF EN=30F V (V) ~EM | 17810 | 10R=SAVE (1) ! b RGVOFNEY
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4 10
s 20
¢ 30
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TRANSFER TO SU3ROUTIME
¢o 10 €0 ERRORS 60 TO 20
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FUNCTION NAME: RHOFEM

DESCRIPTION

This function computes the local density as a function of Mach number

and entropy.

CALLING SEQUENCE

RHO = RHOFEM (EM, §)

where RHO is the resultant density found from local Mach number and local
entropy., NOTE: The appropriate values of the gas properties must

be stored in common upon entry to this routine,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/
POFEM

METHOD OF SOLUTION

Thermally perfect gas relationships are used to find the density,
-1

* -1 y-1
p = Po(l + -Lz-—M2>

FUNCTION RHOFEM(ENW,S)

CHIZCAMHA-T,
CHIOR2=CHI*. S
RHOSTR=POFEN (0. ,8) 7 (R4TO)
RHOFEM=RHEOSTR/ ( (1 . *CRIO24ENFTH) 4 (1. /0M1))

STARY
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FUNCTION NAME: ROTERM

DESCRIPTION

This routine computes the rotational term (Fy, FH) used in the method-

of-characteristics routine (MOCSOL),

CALLING SEQUENCE

F = ROTERM(THETA, DELTA, EMU, R3, RI)

where (THETA) is 51 or 511 (flow angles of the known points)
(DELTA) selects quadrant
(EMU) is [ij or 11 (Mach angles of the known points)
(R3) is Ty or Xy (coordinates of new point)

RI is ry or x, (coordinates of known point
I I P

UTILITY ROUTINES AND COMMON REFERENCES

None

METHOD OF SOLUTION

The method-of-characteristics solution uses this routine to determine
a coefficient needed in its solution. This term (see Equation (6-29), Section

6 of Reference 1) can be written as:
[sinu] 4y - @)

sin(i—r+6(§-+ﬂ -g))

F =

By the proper choice of d (r or x), 4 and the sign of i, indeterminant

forms are eliminated in the evaluation,

FUNCTION ROTERM(THETA,DELTA,ENU,R3,RI)

START |- ROTERM=ABS (STN(EMU) ) # (R3I-RI) /SIN(PIO4+DELTAR (THETA+ENU-PIO4))
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FUNCTION NAME: SHOCK

DESCRIPTION

This subroutine iteratively adjusts the shock strength in order to

satisfy the oblique shock relations and the flow field properties simultaneously,

The six different options are:

[= 2NN B N VS I S N
-

interior right running shock wave
interior left running shock wave |

right running shock wave at wall

left running shock wave at wall

right running shock reflected from wall

left running shock reflected from wall

CALLING SEQUENCE

CALL SHOCK (IN, KN, IKL, IN1, JN, IJH, I8FIN, I7FIN, IFLAG, ITYPE)

where

(IN, KN) is the location of the virtual point

IKL is the first point on the KN array

(IN1, JN) is the location of the known shock point

IJH is the last point on the JN array

I8FIN is the final location of the upstream shock point

I7TFIN is the final location of the base point on the downstream side

IFLAG - is an error flag
ITYPE selects the type of calculation

11 for case (1)
12 for case (2)
21 for case (3)
22 for case (4)
31 for case (5)
32 for case (6)

ITYPE
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UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/ EMOFV
COMMON/CRITER/ DELTAF
COMMON/GASCON/ ENTROP
COMMON/DATAR/ UOFV
INRSCT MOSCOL
TABLE ROTERM
ITSUB

METHOD OF SOLUTION

This subroutine is used to calculate the properties across an oblique
shock wave as a function of the local characteristic lattice, In its operation,
this routine instructs the calling routine as to the necessity of adjusting the
counting scheme for network construction due to the presence of the shock

wave, Diagrams for the six options are given below,

(1) (2)

a
e /

Case (1), ITYPE = (11) Case (2), ITYPE = (12)
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(3)

Case (3), ITYPE = (21) CASE (4), ITYPE = (22)

Case (5), ITYPE = (31) Case (6), ITYPE = (32)
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SUBROUTINE NAME: TABLE

DESCRIPTION

This subroutine utilizes real or ideal gas information obtained from a
master tape or input cards to calculate properties locally in the flow,
The maximum size of the array used by (TABLE) is limited to five gas
properties (V, R, 7, To' Po) at thirteen velocity 'cuts" for each of nine

entropy cuts,

CALLING SEQUENCE

CALL TABLE (SS, VV)

where (SS) is the local entropy and (VV) is the local velocity at the point of

interest,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/Xs1com/
COMMON/CONTRL/
COMMON/DATAR/
COMMON/GASCON/
TOFV

POFEM

METHOD OF SOLUTION

The routine is entered with the local entropy (SS) and velocity (VV).
A test is then made to determine if the gas is real or ideal, If the test
indicates an ideal gas, the local properties are set to those stored in
the (TAB) common array, If the test indicates real gas, a double interpolation
scheme is utilized to locate gas properties between tabulated values of
velocity and entropy. In the case of an entry velocity beyond the range of
the table, an ideal gas extrapolation from the last table value is made to

locate the gas properties,
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SUOROUTINE TABLE ($8,VV)

PASE

A

REPEAT 7O 30

;_,{:w.ueus.lvuaxm ESy vP (1V)=TAB (IS, IVHAX, 1)

FOR

L=2¢248 4400 s TVMAX

c0 Vo
100
S
ASTER=0D sPrs 8
STARY lv=y vP1)ev 18.EQ.8 8.LY.8TAB (1) | YESY sp=8TAD (1)
[TV VP (2)=V
vavy is=ICON (L)
0 TO
20
NO Aes l————] [__—l
/& REPEAT TO 10 10 20
$.6T.8TAD(I8) [ YESY gpegrAn (18) FOR SP.LE.STAD(I) LUO 3 coNTINUE 18z1-2¢1V
l=2.201.....ls
A
)
V.LY.TAD(J8,8,1) [ YERY vp(jv)=TAB (49,1,1) IViIAX=IVTAD (J8)
¢ 10
40

ANE
[£:)

VP(IV).LE.TAB(J8,L,1)

[eo ]

30

CONTINVE

HV= (VP (V) =TAD (JS,L~1,1))/7(TAD(JS,L,8)~TAB (JS,L-1,1))

VENTRY (1 ,EV)=VP (IV)

VENTRY(2,3V)= (1. -HV) &TAD (JS,L-1,2) +HVATAB (18,L,2)
VENTRY (3,1V)=2 (1, ~HV) 4TAD (JS,L=1,3) ¢HV¥TAB (J3,L,3)

XSIT=XSI (J8,L-1,1)
X81P=XS1 (JS,L-1,2)

+IVIRVENTRY (1, B V) ZVENTRY (2

2 IV)I®.B/XSIT

VENTRY(4,1V)2TAB (JS,L=1,4)+ (TAD (JS,L~1,8) #TAD(JS,L-1,5)/TAD (IS, L1 »2) ~VENTRY (4

VENTRY (S, 1VISTAB (I8,L=1,5) & ((VENTRY (4 ,1V) /TAB(J8,L=1,4)) %4XS1P)
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SUBROUTINE TABLE (88,VV)

LMSC/HREC A783573

PACE & OF )

0 10 0 1O .
70 40 l 70 I
YEs ¥cs
(2 l 60 ! o R=VENTRY (2,IV)
" " , . GALNASVENTRY (3,3V)
VP EiV) JNE.V (O coNTINUE IV.EQ.2 LLO_ iv=2 <0 Y0 20 T=VEN;RY(‘.1;)
P2VENTRY (5,1}
o To
110
[———] Yes
ENZVP (I V) /50RT (REGAIIART) - 80 5
TO= T4 (1, ¢ (CALIHA=S ) CZHSTH¥LS) _ - [ ,] - $8.EG.1 LIS
= v),0.) | { 6O TO 60 CONTINUZ
POZP# ( (TO/T) % (GALHIAZ (GATIIA=14)) VENTRY (5, V) =POTEH (2KOFV (V) 0. °

VENTRY (4,IV)=TOFV{V)

HO= (3P=-8TAD{(i=1)) /7 (3TAD(£)-3TAD(I-1))
R=VIHTRY (2,1) 41180 (VIUTRY (2,2) =VINTRY (2,1))
CALIIATVENTRY (3, 1) ¢S (VEHTRY (3,2) =VTIHITRY (3,1))

TVENTRY (4,5) +HSR (VEHUTRY (4,2) =VENTRY (4,1))

HSP=z (SP/R-STAB (1~1) /VENTRY (2,1)) 7 (STAD (1) /VENTRY (2,2) =STAD (I=1) /VENTRY (2,51}

P=VENTRY (5,1) ¥EXP (HSPHALOG (VENTRY (5,2) /VENTRY(5,1)))

EM=V/SART (RAGANIART)

0 T0
120
100 ] ' Ns
TO=TH (1.4 (GAIZIA=1.) %.5) . Q. i
=T (1.4 (GAIA=1 o) $THSTiiRe _ TVHAX.EQ.1 l_n -
VHAX=IVTAD (3 i=1
PO=P& ((TO/T) 4% (CALRA/ (GAHHA=1 ) ) ) $TXP (SP/R) o 70 qu IviAxstvTAG () iv=2
110
CAFHAZVENTRY (3,2)
T R=VENTRY(2,2) TO=TH (1. + (CANIA-1.) CEN4THE. 3) ¢o YO 200
\ €0 To 20 l TEVENTRY (4,2) PO=VENTRY (5,2) % ((TO/T) ## (CAHIAZ (GANNA=1 ) ) ) #EXP (SP/R)
EM3V/SORT (GAHNARRT)
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SUSROUTINE TABLE(85,VV) PACE B OF)
120
NO
R=TAD(1,1,2) 130 A5
CARIAZTAD (101,30 | o5 30 200 CONTINUE i8.EQ.1.AND.VP(2).NE.V | YES % AgTER=AA ¢0 70 200
TOSTAG (i ,1,4) (|

POTAG (1,5,5)
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SUDBROUTINE NAME: THETPM

DESCRIPTION

This subroutine performs a numerical integration to calculate
properties through a Prandtl-Meyer expansion, Either the case of known

final velocity or known final expansion angle may be handled,

CALLING SEQUENCE

CALL THETPM (S, DELTA, VF, VI, IT, ITYPE)

where (S) is the local entropy level

(DELTA) is the total expansion angle

(VF) is the final velocity downstream of the expansion
(VI) is the initial velocity upstream of the expansion
(IT) is a control parameter indicating if expansion to a solid

wall or free boundary is taking place

‘ (ITYPE) indicates if upper (2) or lower (1) boundary

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/
COMMON/STEPC/
TABLE

ITSUB

METHOD OF SOLUTION

The integral equation

Vg
/ Q/MZ -1 %Y - 48 = £(Vgp) = 0
Vi

(M2 = v%/¥RT)
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3

is solved knowing either the final velocity (VF) or the expansion angle (46),

As can be seen, if the final velocity (V) is known, the integration progresses

straightforwardly to a solution,

However, if the expansion angle is known,

an iterative procedure must be employed to pick the velocity which produces

the desired expansion angle,

s OF 2

SUBROUTINE THETPH(S,DELTA, VF, VI, IT,ITYPE) PAGE
0 7O
10
YES
IROUTE=0 8
ILIN=40 vavi IT.EQ.1 | N
8TA o - .EQ.
R Fzi-28(ITYPC- (I TVPE/10) $10-1) s“"g:g;mﬂgf @
DETHET=0.
I 10 l ) GASO(1)=CAS (1)
BAVE (2)==1.# (VF=VI) /FLOAT (IFIX( (VF=VI) /OV) ) J—— TRANSFER o SBRouTINE GASO(2)26AS (2)
ILiN=20000 =t e GASO(3)=TOFV (V)
' VSAVE=ZV
| 40 |
- 30 GASAV(1)Z (GAS (1) +GASO(1)) %. 5
N=V-3AVE (2) o 10 %0 vevenv FRANSEER T:\%LZUBRW"NE GASAV(2)= (GAS (2) +GASO(2) 1 #. 8
0V2-8AVE (2) - 8.V GABAV (3)= (TOFV(V) +GASO(3) ) %. 8
' GASO(1)=GAS (1)
CASO(2)=CAS (2) _
A =
¢ zc‘:,?v’_vr_f:v"z”’ DETHET=DETHET-F#SART (VAV/ (CASAY (1) ¥GASAV (2) #GASAV(3) ) =1, ) #DV/V |-——)
VSAVEZY
0 TO
30
o XQ"
) b
IV.€Q.1.AND. IROUTE.EQ.0.AND.F# (QELTA~DETHET) .LT.0. .NQ._,(n.so.:.mo.moura.ee.o IROUTE=1 }. FOFVzVF=V

A

iIv.€Q.1 | XES

FOFV2DELTA-DETHET

TRANSFER TO SUBROVUTINE
1TSU8
FOFV,V,ySAVE,.0008,ILIN
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VFzyY
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€O T0 &0

LMSC/HREC A783573

SUBROUTINE THETPM(S,0ELTA, VF, VI,IT,I1TVYPE)

[ ]

TRAKSFER TO SUJROUTINE
ERRORS
10
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SUBROUTINE THRUST (1,K,11,48,ITYPE,ICALC)

PAGE

§ OF2

COXPUTED ¢O TO [ 10 ]
H
IF THE VALUT RANSFER FORCEX=0.
1TYPEL=ITYPE- (1TYPE/10) 410 oF 1caLc o FORCEY=0 DELFY=0
STARY AXOZ2031CON(T) 3 18 STATENENT 1002:0, Fors con (3)
FBYM=1-5CON(T) i 10 0.
DELFX=0.
2 30
3 50
CENU=CO3 (ENU)
SENU=STN (ENU)

REPEAT TO 20
FOR
122,248 ,...,1T07

DELR=PSI(1,I-1)-PSI (L, D)

I DELX=PSI(2,I-1)-PSI(2,1)
V= (PSI (3,1-1)4P31 (3,11 %5

ENU=ATAN(DSLX/DELR)

R=(PSI(1,1-1)+PS31(1,1))%. 5

DA= ((4.4PTO24R=1 .) #¥AXO2D*1 .) *SQRT (DELRJELR+DELX#DELX)

THTOR2 (PO1 (4,1-1)+P31(4,1))%.5
CTHTOR=COI (THTOR)
STHTDR=SIN(THTORN)

82 (PRI (S,1-1)4PS1(5,1))%.5

TRANSFER TO SUSROUTINE

TADLE
8,V

EN=EHOFV (V)
P=POFEH (EH,S)
RHO=RHOFEH (EM, 8) .
DELF X2 (P¥CENU+RHO®VRV¥ (CTHTORFCENU+ S THTOR%SENU) #CTHTBR) %DA

DELF Y= (P#SENU+RHOZVAVE (CTHTORXCENU+ STHTORASENU) %8THTOR) $DARF SYM
TORQZ=TORQAZ~ (DELFX*R4DELF YR (P31 (2,1-1) ¢PSI (2,1)) %.5) #FSYN
FORCEX=FORCEX-DELFX

[20 ]

F=qe22(ITYPC1-2)
DELR=PHO(1,1,K) ~Pii0(1,11,J1)
DELX=PHO(2,1,K) -PHO(2,11,J1)

R2 (PHO(1 ,1,K)+PHO(1,11,41))%.58

Xz (PHO(2, 1K) +PHO(2,15,J1))%.5
ENU=ATAN(DELR/DELX)

FORCEY=FORCEY~-DELFY ¢o TO 50
A
)
DELX.LT.0. | YESY gny=ENUez, sPT02

ENUZENUFOPTO2
V2 (PHO(3 oI K)*PHO(S,11,J1))%.5

TADLE
[ )

TRANSFER TO BUBROVTINE

82 (PHO(S , 1 ,K) ¢PHO(S, 11,4000, 8
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SUBROUTINE NAME: THRUST

DESCRIPTION

This routine computes the vacuum thrust produced by a two-dimensional
or axisymmetric nozzle, Addition of the momentum term at the throat and

the pressure term computed along the nozzle yields the final thrust,

CALLING SEQUENCE

CALL THRUST (I, K, I1, J1, ITYPE, ICALC)

where (I, K) designates the unknown characteristic point and (I1, J1) is the
known characteristic point, (ITYPE) specifies if the point is on the upper
or lower boundary and (ICAI.C) is a counter with the values of 1, 2 or 3.

(1 specifies integration at the throat, 2 -along the nozzle and 3 - at the exit,)

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/
COMMON/DATAR/
COMMON/FORCE/
COMMON/INPUT/
TABLE

EMOFV

POFEM

RHOFEM

METHOD OF SOLUTION

Thrust is found by first computing the momentum thrust in the sonic
area or throat of the nozzle, The static pressure is then integrated along the
nozzle wall and the total thrust found by summation of the pressure and
momentum terms, Inclusion of a factor in the incremental force term

accounts for either two-dimensional or axisymmetric flow,
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SUBROUTINE THRUST (I ,K, 14,41, ITYPE,ICALC)

ENZENOFV (V) DELFY=PSDASSIN (ENU) 4FSYH
P=POFEN (EN, ) FORCEX=FORCEX+¢DELFX
DAZ ((4.4PTO024R~1.) #AX020+1.) $SORT (DELR4DELR*DELX#DELX) FORCEY=FORCEY+DELFY ’
DELFX=P$DAXCOS (EKV) TORQZ=TORQZ~ (DELFX4R*OELFY#X) 2FSYH

PAGE B OF2

¢O TO 80

30 COHPUTED ¢O TO 60
! 50 l IF THE VALVE TRANSFER ‘ 60 l
(1Y oFf ICALC 10 By
WRITE  WRITE (6,1) is STATEKENT WRITE WRITE (6,2) FORCEX,FORCEY,TORQZ
1 60
2 70
3 70
80
— :
. 70 E
€O 7O 40 { WRITE (6,2)FORCEXFORCEY , YORQZ DELFX,DELFY :;
R
N
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FUNCTION NAME: TOFEM

DESCRIPTION

This function computes the local static temperature as a function of
Mach number, The gas properties at the point of interest are known prior
to entry, TOFEM and TOFV are quite similar; the difference being if Mach

number or velocity is the known quantity,

CALLING SEQUENCE

T = TOFEM (EM)

where (T) is the one-dimensionally calculated local static pressure which

exists at the Mach number (EM),

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

METHOD OF SOLUTION

The calorically perfect gas relationship

TO
T = 2
1+—-——-"211\/1'2

is solved for static temperature at the local Mach number.

FUNCTION TOFEN (EM)

START TOFER=TO/ (1. ¢ (CARNA=1.) #. SRENREN)
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FUNCTION NAME: TOFV

DESCRIPTION

This function computes the local static temperature as a function of
velocity, The gas properties at the point of interest are known prior to entry,
TOFV and TOFEM are quite similar; the difference being if Mach number or

velocity is the known variable,

CALLING SEQUENCE

T = TOFV (V)

where (T) is the one-dimensionally calculated local static pressure which

exists at the velocity (V).

UTILITY ROUTINES AND COMMON REFERENCES
COMMON/GASCON/
UTILITY - None

METHOD OF SOLUTION

The calorically perfect gas relationship

2
_ .V Yy -1
T'To ZT{( }'>

is solved for static temperature at the local velocity,

FUNCTION TOFV(V)

¢ TO
10

A
)
TRANSFER TO SUSROUTINE
OTART V.67.0. ERRORS TRANSFER TO SUSROUTINE
22 KIKOFF

[0 ]

TOFVETO= (VH#2. ) % (GAKHA=1 .1 %, 5/ (R¥GANNA)
TOFV2ADS (TOFV)

ZDCAMD
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SUBROUTINE NAME: TURN

DESCRIPTION

This subroutine solves for a shock wave which has a known turning
angle (§). A condition of known turning angle exists when the flow is turned
through a compression corner on a solid boundary, Real gas effects are

considered in calculating conditions downstream of the shock,

CALLING SEQUENCE

CALL TURN (PU, PD, DELTA, IFLAG)

where (PU, PD) represent flow conditions upstream and downstream of the
shock, (DELTA) is the turning angle, and (IFLAG) indicates if the solution

will converge or not,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CRITER/
TABLE

EMOFV

UOFEM

ESHOCK

ITSUB

METHOD OF SOLUTION

An initial shock angle is guessed, This shock angle is used to calcu-
late a turning angle, The calculated turning angle is compared to the known
turning angle and successive iterations on shock angle are performed until

the turning angle difference is sufficiently close to zero,
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SUBROUTINE TURN(PU,PD,0ELTA,IFLAC)

STARTY

IFLAG=E
SAVE(2)=1./57.3
8AVE (i) =%,

TRANSFER YO SUDROUTINE
TABLE
PU(S) ,PU(3)

EN=ENHOFV(PU(3))

| EPS= (VOFEM (EH) +ADS (DELTA) ) $DELTAZABS (DELTA)

[0 ]

TRANSFER TO SUDROUTINE

PU(5) ,PU(3) ,EPS,DEL,PD (5),PD(3)

ESHOCK

| FOFEPS=DIL-DELTA

TRANSFER TO SUBROVTINE

1T8UVd

FOFEPS,EPS,SAVE ,CONVRG(3) ,ITLIN(3)

OF

IDRANCE=BAVE (1)

CORPUTED ¢O TO
IF THE VALUZ TRAHSFER
IBRANC (]

is

B RsUN -

[0 ]

STATEMENT

PO (1) =PU(L)
PD(2)=PU(2)

PD (4)=PU(4) +DZLTA

A

[s0 |

EMOFV(PD(3)).CT.1. | YES

PD (6)=UOFV (PD (3))

PO(T)=EPS

¢O TO 40

TRANSFER TO SUIROUTINE

ERRORS
14

PAGE 8

IFLAG=2

¢O TO 40

ZOXC-1MmMm2

3-125



FUNCTION NAME: UOFEM

DESCRIPTION

LMSC/HREC A783573

This function computes the Mach angle at a local Mach number, A

test is made to ensure that the Mach number is greater than one; prior to the

calculation,

CALLING SEQUENCE

EMU = UOFEM (EM)

where (EMU) is the Mach angle which exists at the local Mach number (EM),

UTILITY ROUTINES AND COMMON REFERENCES

None

METHOD OF SOLUTION

The following equation

is solved for the local Mach angle,

<o TO
10

YES
53

BTART

EM.CT.1.

FUNCTION UOFEM (EN)

TRANSFER TO SU3ROUTI
ERRORS
39

NE TRANSFER 1O SUDROUTIN
' KIKOFF

PACE

[[10]

UOFER=ATAN(1./SORT (ENSEN~-L1.))

)
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FUNCTION NAME: UOFV

DESCRIPTION

This function computes the Mach angle at a local velocity,

CALLING SEQUENCE

EMU = UOFV (V)

where (EMU) is the Mach angle which exists at the local velocity (V).

UTILITY ROUTINES AND COMMON REFERENCES
COMMON - None
UOFEM
EMOFV

METHOD OF SOLUTION

The local velocity is converted into a Mach number using (EMOFYV).
Function (UOFEM) is then entered with the calculated Mach number and the

Mach angle obtained from the following equation.

1 1

M% -1

uo= tan’

FUNCTION UOFV(V)

STARY UOF V= UOFEH (EKOFV(V)) [

ZDC-MX
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SUBROUTINE NAME: VISCUS

DESCRIPTION

This subroutine calculates the laminar or turbulent boundary layer
thickness and velocity distribution at the nozzle exit, This boundary layer
adjustment is made on the exit plane starting line, Only the supersonic

portion of the boundary layer is considered,

CALLING SEQUENCE

CALL VISCUS (N, NBL, XL, CU)
N
/ ).

(NBL) is number of boundary layer points specified, (XL) is a characteristic

where (N) is the power of the velocity profile (V/vedge = (y/yedge)l

length (usually the nozzle length), (CU) is a conversion factor for mixed

units of length in the boundary layer calculation,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/INPUT/ EMOFV
COMMON/CONTRL/ TOFEM
COMMON/GASCON/ POFEM
TABLE VOFEM
UOFV

METHOD OF SOLUTION

The number of starting line points within the supersonic portion of the
boundary layer is specified, The velocity profile for a laminar or turbulent
boundary layer is calculated and distributed to the starting line points, These
points are then transferred to a right running characteristic line and the

remaining inviscid portion of the starting line is attached,
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SUBROUTINE VESCUS (N, KBL XL 1CU) PAGE 8 OF 2
)= b EMEX=ENOFV (VEX)
e reon” TRANSFER TO SUSROUTINE RHOZX= RIOFEH (EXEX , SEX)
sTART My SEX=PSI (5,1) TADLE e o (Evienr
Fa1-(1CON(TI #1) /2 six Vex TEX=TOFEN (€
VEX=PSI (3,1) PEX=POFEN (EKEX ¢ SEX)
A
TREFSTEX* .54 (. 9%TO-TEX) ¢.22% (TO-TEX) A
EHU= (2.27% (TREF 491 . 5) #1.€-00) / (TREF+190.6) REYEX.LT-1.£906 | XESY ( An=t
REYEX=PEXSVEX#XL/ (EHUSRETAEF)
LAN=0

3 ODEL=5.2%XLACU/ ((REVEXRS.5) & (1. +FL%.T32))

LAM.EQ. | XESY Nz

LAH.EQ.0 | YESY pEL=,01004XL¥CUR (EHEXMkE .25) % (L . ¢F 2, 176) / (REVEXEX.14)

o YO
20
YES
] 10 l
VizVOFEM(1.01) ‘ REPEAT TO 10 /(é\
RATVIZDEL% ( (V] /VEX) #*N) M=ICON(3) FOR PSI(1,1).LT.REXEX CONTINUE
REX=PSI(1,1) }

122,241 500 09M

REXEX=REX-DEL*RATVL

1=1=-% REPEAT TO 30 REPEAT TO 30 PSI (K,NTOT)=PSI (K, HSHIFT)

N=N-1 FOR MTOT=HTOT-1 FOR DELV= (VEX=V1) /FLOAT (K3L-1)
NTOT=HeKOL+1 JZ1 848 000N MSHIFT=HTOT-R3L+1 K=g 848500046 V=Vi-DELV
ICON(3)=UTOT-1

REPEAT TO 40
FOR { . V=VODELV- b
Ix$,3418 4000 9N3L PS1(1,1)ZREX-DEL* ((V/VEX) #&N) +RATVL
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SUBROUTINE VISCUS (N NBL XL, CU)

NO
L)

1.67.1 LYESY aRc=p81(4,1)- (VOFV (V) *UOFV (PSI (3,8-3))) 8.5

B.6T.1 [ YEBY pgy(2,1)2P8I(2,1-1)=(PSE(1,1-1)-PSI(1,1))#COS (ARC) /SIN(ARG)

[+ ]

P8I (3, =V

PSI(6,1)=UOFV(Y)
DELX=PSI (2,KIL) P8I (2,1)

PBI(4,1)=PS1 (4,1)
ENZENOFY (V) IPRINZ=IILS
PBI (5,105 C({GAHHASR) 7 (GAKNA= .) ) XALOG (TOFEN (EM) / TEX) 5EX HTOT=ICON (3)
0 710
0
[—-——~——] YES
REPEAT TO 45 43
FOR - LAM.EQ.D m HEAD (1) =AMIN(Y)
P8l (2,1)=p81 (2,1) +DELX
IZIPRINE, IPRINE4L ¢ o0 o sMTOT ! 11208 HEAD (2)=AMIN(2)

[__—150 60

HEAD (1) =TURD (1) B1
HEAD (2) = TURD (2) WRITE

PAGE & OF2

¢O TO €0

[eo ]

WRITE (G4 )HEAD (1) ,HEAD (2) yREYEX |
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FUNCTION NAME: VOFEM

DESCRIPTION

This function computes velocity as a function of Mach number, Ideal

gas relations are used and the gas properties are known prior to entry.

CALLING SEQUENCE

V = VOFEM (EM)

where (V) is the local velocity which corresponds to the local Mach number

(EM).

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

METHOD OF SOLUTION

The ideal gas relationship

RY(T, - T)

V)

is solved for velocity, Local static temperature (T) is obtained from the

input Mach number,

FUNCTION VOFEN(ENSTAR)

$TART CHIO2x (CARHA~S )%, $
VOFEN2 $ART (RECALNA % (TO~TOFEK (EHY) / G M102)

ZDC-Mx
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SUBROUTINE NAME: WEAK

DESCRIPTION

This subroutine determines the independent variables (SD, VD)
downstream of a weak oblique shock, The gas properties upstream of the

shock are known prior to entry,

CALLING SEQUENCE

CALL WEAK (SU, VU, ERS, DELTA, SD, VD)

where (SU, VU) are the upstream entropy and velocity, (EPS, DELTA) are
the shock angle and turning angle, and (SD, VD) are the downstream entropy

and velocity,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/
TABLE

EMOFV

POFEM

RHOFEM

ENTROP

DELTAF

METHOD OF SOLUTION

From the known upstream entropy and velocity, the local gas properties,
pressure, density, and upstream Mach number are calculated, The entropy
rise across the shock is added to the upstream entropy to get total down-
stream entropy. Downstream velocity is calculated from the following

relationship,

Vu cos (&)
Vp * os(E=3)
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START
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SUSROUTIKEWZAK (SU,VU,EPS,DELTA,30,VD)

TRANSFER TO SUBRODUTINE

TADLE
U, YU

EHUSEROFV VLD
PU=POTEN (EHU,SU)
RHOU=RI:OFEH (ENV, 8V
SEPS=SIN(EPS)

SD=ENTROP (EPS ENU) ¢SV
DELTA=DELTAF (EPS,ENVN)
CEPS=CO3 (EPS)
VD=VU4CEPS/COS (EPS-DELTA)

A

EP8.£Q.1.5707963 |IER

VD22 . #CAKIHASRETO/ (VUS (GAINA®L . ))
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FUNCTION NAME: WOFA

DESCRIPTION

This function computes the weight flow per unit area as a function of

Mach number, This calculation is only used in function AOASTR.,

CALLING SEQUENCE

WEIGHT FLOW = WOFA (EM)
where (EM) is the local Mach number,
UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/
UTILITY - None

METHOD OF SOLUTION

Weight flow per unit area (W/A) is calculated from ideal gas relations,

The equation used is

H P M
wo_ 7 o)
A RT Y+l
2(7-T)
Y- 1,2
1 + M
2
PAGE 8 FUNCTION WOFA (EW)

CPI=CANHACYL .
START CHI=CANHA-L ., F1=EM/ ( (1. +CHIO24EHNTN) $2POWER)

CNI1O2=CH1s. 3 WOFAZSQRT (CAMHA/Z (R¥T0) ) P04F 4

POWERSCPLI#$.5/0NK1

3-134



LMSC/HREC A783573

3.4 INPUT/OUTPUT GUIDE Page
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3.4.1 Detailed Guide for Input Data

CARD No, 1 Problem Title or Identification
Format: 12A6
Cols, 1-72 HOL Comment card, header information such as

problem title may go on this card. It is
printed at the top of each page of output,

CARD No, 2 Run Control Card
Format: 1615
Col 5 ICON(1) 1 Read cards for gas properties
2 Read tape 10 (A6) for gas properties
Col 9 ICON(2) 0 Normal start line
1 Right running characteristic start line
2 Left running characteristics start line
Col 10 ICON(2) 0 Straight start line M given
1 Source start line A/A given
2 Starting line input
3 Starting line calculated by conservation
of mass -
Cols 14, 15 ICON(3) ' Number of starting line points (50 max)
Cols 19, 20 ICON(4) Number of upper boundary equations (100max)
Cols 24, 25 ICON(5) Number of lower boundary equations (100max)
Col 30 ICON(6) 0 No SC-4020 plots
' N Number of parameters to be plotted
Col 35 ICON(7) 0 Two dimensional solution
1 Axisymmetric solution
0 Full output

Col 39 ICON(8)
, 1 Limited output (no interior points)

Col 40 1 One line output ’
(R, X, M, THETA, S, Shock Angle)

2 Two lines, above plus

(Mach Angle, P, Density, T, V)

3 Three lines, above plus

(MWT, GAMMA, TO*, PO*, s*)

Cols 41-43 ICON(9) No, of left running points up to and including
upstream shock point, Used when ICON(2)
2 20 and shock crosses starting line,

Cols 44-45 ICON(9) Number of regular start line points if
ICON(2) 2 20
Col 50 ICON(10) 0 Radiance tape not desired

‘1 Radiance tape desired (1 tape)
2 Radiance tape desired (2 tapes)
Cols 51-55 ICON(11) Case number (prints at tope of each page)
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Col 60 ICON(12) 0 Calculate shock wave
1 No rotation option
Cols 61-65 ICON({13) 1 Use viscous boundary layer
Cols 66-80 ICON(14-16) Not presently used
CARD(S) No, 3 Describes physical boundaries of the flow field
Format I1, 3%, 11, 5X, 6E10,6
Col 1 IWALL 1, Conic equation
R=A%*(SQRT(B+C*X+D*X*%2)+E)
IWALL 2 Polynomial equation
R=A*X 44 +B*X¥#3+CHX**2+D* X+ E
IWALL 3 Free boundary equation
P=PINF*(1+EX)*(1+GAMMAINF*(MINF*SIN*(THETAB - THETAINF))**Z)
Col 5 ITRANS 0 No discontinuity follows this equation
ITRANS 1 Expansion corner follows this equation
ITRANS 2 Compression corner follows this equation
Cols 11-20 WALLCO A(If IWALL = 1 or 2), PINF (If IWALL=3)
21-30 WALLCO B(If IWALL = 1 or 2), GAMMAINF (If IWALL=3)
31-40 WALLCO C(If IWALL =1 or 2), MINF (If IWALL=3)
41-50 WALLCO D(If IWALL = 1 or 2), THETAINF (If IWALL=3)
51-60 WALLCO E(If IWALL = 1 or 2), E (If IWALL=3)
61-70 XMAX Maximum X value for which this equation
applies,

NOTE - The coefficients of each equation are contained on a single card, As
many cards, i.e., equations, as necessary to describe the boundaries
are input., The units of physical dimensions affect only the thrust
calculations in which units of feet are assumed, Upper boundary
information is given first, Program assumes that starting line is
bounded by solid walls and that the equations are ordered with XMAX
monotonically increasing.

CARD No, 4 Gas Identification and Gas Property Input
Control

Format: 4A6, 5X, A3, 7X, Il

Cols 1-24 ALPHA Gas name, identification for real gas proper-

ties on tape. May be any name when gas
properties are input via cards,

Cols 30-32 UNITS ENG English units are to be input (cards only)
» MKS Metric units (cards or tape)
Col 40 IS Number of entropy cuts (ignored for tape,

1 for ideal gas, 9 max for real gas via cards).
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CARD(S) No. 5

Format:

Col 1-10
Col 19, 20

CARD(S) No. 6

Format;

Cols 1-10
Cols 11-20

Cols 21-30
Cols 31-40
Cols 41-50

E10.6, 8X, 12

STAB
IVTAB

5E10.6

TAB
TAB

TAB
TAB
TAB

LMSC/HREC A783573

Entropy value and number of velocity cuts,
(Not input if ICON(1) = 2, i,e,, gas properties
via tape)

Entropy value
Number of Mach numbers for this entropy
value 13 max, (1l if ideal gas)

This card(s) gives the Mach number and
associated gas properties at that Mach num-
ber and entropy,

Mach number

Gas constant (R) if UNITS = ENG, Molecular
weight (MWT) If UNITS = MKS.

GAMMA

Static temperature (TO) at this Mach number
Static pressure (TO) at this Mach number

NOTE - Cards 5 and 6 are omitted if gas properties are input via tape,

CARD No, 7

Format:

Cols 1~10
Cols 11-20
Cols 21-30
Cols 31-40
Cols 41-50

Cols 61-70

CARDS No, 8

Format:

Cols 1-10
Cols 11-20
Cols 21-30
Cols 31-40
Cols 41-50
Cols 51-60

5E10.6

CORLIP
CORLIP
CORLIP
CORLIP
CORLIP

STEP(3)

5E10.6

PSI
PSI
PSI
PSI
PSI
PSI

This card specifies the necessary information
for the starting line,

Axial coordinate of upper limit of start line,
Axial coordinate of lower limit of start line,
Mach number or A/A* for start line,
Entropy level of start line,

Area of nozzle throat (units consistant with
boundary equations)

Point insert criteria

These cards are used to read in a known
starting line (ICON(2) = 2), otherwise omitted,

Radial coordinate of this point

Axial coordinate of this point

Mach number of this point

Flow angle of this point

Entropy level of this point

Shock angle of downstream shock point
when ICON(2) 2 100
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NOTE - As many of these cards are input as spemfled by ICON(3) on the
run control card

CARD No. 9

Format:

Cols 1-10
Cols 11-20
Cols 21-30
Cols 31-40
Cols 41-50
Cols 51-60

CARD No, 10

Format:
Col l

Cols 4-5
Cols 11-20

Cols 21-30

CARD No, 11

Format:

Col 5

Col 10

Col 15

Col 20

6E10.6

CUTDAT
CUTDAT
CUTDAT
CUTDAT
CUTDAT
CUTDAT

This card contains the necessary information
to limit the calculations to those areas of
interest, An unusual scheme is employed in
order to make these limits efficient for the
many problem orientations which are possible,

Radial coordinate defining upper cutoff,

Axial coordinate defining upper cutoff,

Angle cutoff line makes with horizontal,
Radial coordinate defining downstream cutoff,
Axial coordinate defining downstream cutoff,
Angle cutoff line makes with horizontal,

This card contains the input information for
the viscous boundary layer option

11, 2X, 12, 5X, 2E10.6

NPOWER

NBLPTS
XL

CuU

915
LASTC
LASTC
ISETR
ISETR
MAXNOR
ITIME(1)

ITIME(2)
ITIME(3)

Exponent of the velocity profile in the
boundary layer

Number of boundary layer points specified
A characteristic length (usually nozzle
length)

Conversion factor for mixed units of length

This card is used when ICON (10) equals

1 or 2, Its purpose is to "juggle" the
method of characteristics output such that
gas properties in the flow field can be
determined at designated points and saved
on binary output tapes,

0 Juggle case other than last or only case
1 Last or only juggle case
0 Radial value at intersection of juggled
axial location and left running characteristic,
1 Use constant radial increments, interpo-
lating between aforementioned intersections,
Maximum number of radial increments (used
only if ISETR = 1, maximum number allowable
is 100 DELTA RS)
Number of times first DELTA X is used
Number of times second DELTA X is used
Number of times third DELTA X is used
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ITIME(4) Number of times fourth DELTA X is used
ITIME(5) Number of times {ifth DELAT X is used
Col 45 ITIME(6) Number of times sixth DELTA X is used

NOTE - Up to a maximum of six DELTA X changes are allowed but notalways
necessary

CARD No, 12 Continuation of Card No. 10

Format: 7E10,6

Col 1-10 DELT(1) Length of first DELTA X increment,
Col 11-20 DELT(2) Length of second DELTA X increment,
Col 21-30 DELT(3) Length of third DELTA X increment,
Col 31-40 DELT(4) Length of fourth DELTA X increment,
Col 41-50 DELT(5) Length of fifth DELTA X increment,
Col 51-60 DELT(6) Length of sixth DELTA X increment,
Col 61-70 DELTAR Radial increment used if ISETR =1

NOTE - Total length of summation of DELTA X must be greater than, or
equal to axial cutoff value

CARD No, 13 Plot control card

Format: 3012

Col 2 (J) 1 Mach No,

Col 4 2 Press, static

Col 6 3 Temp. static

Col 8 4 Press (stag norm shock)
Col 10 5 GAMMA

Col 12 6 Mole wt

Col 14 7 Density

Col 16 8 Entropy

NOTE - The order of these parameters is arbitrary

NOTE ~ All units used are ENG, (except entropy) which may be either
ENG. or MKS. depending on gas property units, Following is
- a list of units for specific parameters

PARAMETER UNITS
X Thrust calc, assumes ft, Otherwise
R any scale acceptable
All Angles Deg,

S FT#%2/SEC*%2DEG. RsENG.
CAL/GRAMDEG, K=MKS

Density LBM/FT**3

T DEG.R=ENG, DEG. K=MKS

\' FT/SEC

P PSFA=ENG, ATM=MKS

R 1545, 4%32, 17/ MWT
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3,4.2 Description of Program Output

The methods of characteristics program output is organized in a logi-
cal fashion with the data presented in an easily understood form. The initial
pages consist of a printout of the input data including the real gas tables ob-
tained from the master tape. Characteristic data are organized along left-
running characteristic lines with all the pertinent information printed for
each characteristic point on each characteristic line. Numbered flags on
the example printout sheets (pp. 3-144 through 3-148) correspond to numbered

comments listed below.

GROUP I - IDENTIFICATION

@ Case Number: Appears on each page - may be a maximum of five digits.

@ Title: Identifies particular run, appears on each page and may be 72

spaces.
GROUP 2 - RUN CONTROL

@ Run Control Parameters: These 16 parameters control the execution

of the program according to the options selected. (See input data guide

for explanation of individual parameters.)
GROUP 3 - BOUNDARY EQUATIONS

@ Type Equation: Identifies type of boundary equation selected. (1 - conic,
2 - poly, 3 - free bound)

@ Coefficients: Apply to upper or lower boundary equations, (See input guide,)

(@ XMAX: Maximum value of (x) for which present equation applies.
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GROUP 4 - GAS IDENTIFICATION

G) Gas Identification: Identifies gas on master tape for which gas table is

printed.

GROUP 5 - REAL/IDEAL GAS PROPERTIES

OO ©® ®

Reference Entropy: This is lowest entropy level in the table. All other

entropy levels are measured from this base.

Entropy Cuts: May be nine maximum, value is relative to predefined

base level.

Velocity Cuts: May be 13 maximum at each entropy cut,

"Gas Constant'': Local value,

Isentropic Exponent: Local value.

Static Temperature: Local value.

Static Pressure: Local value.

Note: Ideal gas format is similar, (S) and (V) are generally zero and

only one value of R, ¥, T, P, is printed,

GROUP 6 - STARTING LINE INFORMATION

®

R: Radial distance to characteristic point (may be any unit of length

or non-dimensional).

X: Axial distance to characteristic point. (may be any unit of length

or non-dimensional).

Note: The only restriction on units for X and R is that they be con-

sistant, however thrust and mass flow calculations assume feet,
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Mach Number: Local value (may be any supersonic value).

@ Flow Angle: Local value (degrees).
@ Entropy: Local value (ftz/seczRo)

Note: The starting line may be obtained using various options (see

input guide); however, the format on the printout remains the same,
GROUP 7 - RUN CUTOFF INFORMATION

R: Radial coordinate of upper cutoff (units same as R on starting line).
X: Axial coordinate of upper cutoff (units same as X on starting line).
THETA: Angle of upper cutoff line (degrees).

R: Radial coordinate of lower cutoff.

X: Axial coordinate of lower cutoff.

OO

THETA: Angle of lower cutoff line.
GROUP 8 - TYPICAL LEFT CHARACTERISTIC LINE

Characteristic Line: Identifies line for which data is printed.

@ Characteristic Point: Identifies point for which data is printed.
Description: Describes the type of point. The options are:

a. input point

b. interior point (prints blank)
c. wall point

d.  free boundary point

e. shock point

f. Prandtl-Meyer point
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R: Radial distance to the characteristic point.
X: Axial distance to the characteristic point,
M: Mach number at the characteristic point.

K

Theta: Flow angle at the characteristic point.

Entropy: Entropy level at the characteristic point.

Shock Angle: Shock angle at the characteristic point (only prints

when shock point),

Mach angle: Mach angle at the characteristic point.

Pressure: Static pressure at the characteristic point.
Density: Static density at the characteristic point.

Temperature: Static temperature at the characteristic point.

Velocity: Velocity of flow at the characteristic point.

Statements such as this appear when left or right characteristic lines

cross, (See Subroutine (ERRORS) for all possible statements.,)

This is a comparison to the mass flow through the throat. The percent
change should be near zero; any change is an indication of accumulated

error in the calculation,

This is a calculation of the components of net momentum thrust and

pressure thrust at the particular wall point in the nozzle.
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